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SECTION I

INTRODUCTION

A. THE OPERATIONAL PROBLEM

Helicopters, and to a sowewhat lesser exteat, STOL aircraft, operate
‘over a broad flight spectrum. They have many of the characteristics of
a conventional, fixed-wing airplane at higher speeds, with additional
capabilicies and probleums resulting from low speed operation. These low
speed problems are associated not only with the flight control charac~
teristics and wind effects unique to this class of vehicle, but also
with the axtensive low altitude operations enabled by the low speed
capability. Increasingly, hasardous, close-support, tactical missions
involving low altitude maneuvers are being consigned or planned for
helicopters under both day and night combat conditions. These missions
include assault transport, supply tranaport, medical evacuation, and
Search and Rescus (SAR) operations where landings are made in remote,
unpreparad areas. Ths landings are often negotiated at steep descent
angles where rough, dense terrain or enemy ground fire is encountered.

During the teraminal and other low sltitudc phases of these cigsions,
frequent transitions ars made between VIR and IFR conditions as the :
helicopter moves through annko.'haza or fog. ‘The helicopter’s low speed
also permits operation in lower visibility conditions than are possible -

. for fixed-wing eircraft. Such operations with frequant visibility
changes and the pilot's natural desize to use real world cuss vhen they
exist is & poverful reason for a Head-Up Display (HUD), which provides

¥ "»”?vﬁ<W~*lrﬁﬁﬁﬂﬁﬁﬁ?ﬁﬁﬁ§ﬁﬁfﬁ?wv¢#¥ﬂﬁ$Nﬂ&u@%&@&&%ﬁﬁ#ﬁﬁﬁ?ﬁ%x§
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control information integrated with the real world. In additiom, a com- - .

pelling need exists in many current helicopter systems to provide a -
capability for the detection, acquisition and continuous orientation of
the terminal target of interest, through visual and aided-visual optical
display means.

Both helicopter and STOL aircraft are subject to many of the demands
imposed on conventional, fixed-wing aircraft in ti\e cruise and high speed
£light regimes. Navigation, low level tervain following and terrain
avoidance, weapon delivery, station keeping, and air-to-air refueling are
typical of these military mission phases. Weapon delivery, in particular,
reflacts a number of deficiencies and problems in current helicopters
vhich can in part be overcome with a properly desigaed HUD. In summary,
the operational problems related to the display and control tasks en-
countered by helicopters and STOL aircraft cover all areas related to
conventional fixed-wing aircraft, plus a group of more difficult probleas
peculiar to the helicopter/STOL classes of vehicles.

B. PROGRAM OBJECTIVES

The Naval Air Systems Command (NASC), recognizing the hcnc'optcrIS’rOL
operational p:oblm. contracted the study program described in- thh re-
port to varify thlt a HUD cen facilitate the solution of thase picblems
and thereby improve the affccttvuul of thase vchielu. The likelihood
of such a favorsble conclusion, in the firet munu, is the basis of

 the Navy's decision to initiate the iavestigation. Aumnung this btud ’
 .goal, ths following r.hru more specific objectivas were. uubnshcd by '
' UASC for the systems lulycu etfort condugteds :

° Suwoy and uubluh puntul uppucanm (curmt and nut o
tu:nro) of HUD to htuupur and SNOL aircntt. :

.onuu thloffocunmnot uuhpotuthlﬂlbmuuuon. .

e Mlmi pmuu; llmmuu to_: specific vehicles and -mm. |

v.'q.g' N




As indicated by these objectives, the investigation conducted was rather
broadly based; HUD configuratioms were developed for a large number of
helicopter applications. The recommended designs encoupass a broad
spectrun of display complexity, as might logically be anticipated by the
diverse requirements of different vehicles. Although a single, universal
HUD configuration is obviously iwpractical, the study did estadlish that
some degree of display commonsiity between helicopter typas is feasible,
particularly as related to the optical projector unit(s) and sysbol for-
mat designs. :

The successful complation of this study program is viewed as an iw-
portant first step in the ewolution of practicsl, optimally designed HUD
equipmant for helicopters. It provides NASC with an objective basis for

hlteopttr aviouic system synthesis and display apecxti.cauon and pro-
vides the design information required for contracting any future develop-

ment of a HUD flight test evaluation model. It is further conceived that -

the mulu' of the investigacion could profitsbly be used by the other

' uw!cu and will be made ;mmm to 91-1-: contractors of luucnpnt - '

_lud STOL weapon systems for oeudy nd use in dhphy quimr.

. .p.azmmu

.G rmmmommmm

lctm whrunu a htu-uopc otndy cf ‘this _type, cerma grow

. ‘rales and guidelines ware estsblished. affecting the activity and rasults B T
" of the prograa. These ground rulem, listed below, reflect a phﬂmphy

of amphasis and. lmnuou on the effort w .o as to yiald ebt

uum pnenul huﬂt te tin Navy.

(t) ‘Study to be mexﬁuuy dimud to rul muuum a8

.- represeuted by onntioul and developwental Ravy/Marine |
o hueopur and STOL atrverafe, including bi-service and tri=
service vehicles. Ressarch wehicles, principally of the
_mw,mmuhmawnam.




(2) Appreciable cifort to be expended on the design tradeoff
analyses of optical projection systems., This esphasis was
established because the projector unit represents the most
critical tradeoff problem in the ;pccification of a HUD.

(3) Avoid the use of any precepts in HUD format design, as may
reflect widely accepted principles applied in past fixed-
ving aircraft applicatious.

(4) Limit system evaluations and tradeoffs to the exercise of

best engineering judgments associated with design optini-
zation and effectivoncss assesamcnts. Quantitative syciii"
cost and effectiveness evaluations assuciated with the
decision to lnmrpouu' a HUD element in any given wehicle
and/or the formulation of a detailed '.opcciﬁcatio-a for such
"a vehicle, are noc to be conducted. Such evaluations are

~ logically conducted by the weapon ‘system manager as part of
a higher 'hnl. aviouu syatem definition cffott" and’ ave, -
'thon!ou. beyond the lcopc of . um otudy. o

- {9) ‘ Esphasis to be placed on atnblm\iug cowelnng mds. if
. any, for HuD 1o halicopters. Accnrdmsl'l. the display 18
 to ba vieved not only 1o its conventicaal role of a repeater
. device for real-world-oriented flight control, but in & L
. broader. context of enabling & sigaiﬁmt ‘extension 1n heu- T
eoptn systen eapabllit;y. : .

. '_(G)A""balu‘ttudtu w veflect pract'ic-aii solutions vhere the
- ecealities of the actual 'eoékpit and umr' availabilicy
. are considered. Lov ecat and ueiuht shall be trested as U

K hiﬂl mﬂtw taeum h au wm f.udiaffm o 1 ’

e

poRT
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(8)

. established bounded by maximum and minimum goals, which

Various levels of display system compiexity are to be

are consistent with both the established display require-
ments and relative sophistication of the existing avionics
system - from advanced, highly instrumented to simply

equipped system configurations.

Establish te the maximum extent possible, a symbol format,
which is common for different helicopter and mission appli- - 3
cations for each distinct operational flight mode, in order

to standardize pilot training.
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SUMMARY

SRR

2SS A

A sumrary of the investigation (in terms of program scope and course

of action, specific HUD applications, and significant techanical results

Lo\ A s bl

:achieved) and a synopsis of the conclusions reached are presented in this

section. The comprehensive nature of the study dictated that a carefully -

AT R

planmed, systems analysis approach be employed to ensure the developmeut

of valid, practical results yielding the greatest benefit possible to.the
Navy. ' ' .

A. OUTLINE OF STUDY

The study of HUD for helicopters consisted of the following distinct
but closely interrelated phases:

':? ,‘ ,. | C -

° Operational-Surveys - The purpose of these gurveys was to estab-

lish operational problem areas in which HUD could be effectively
employed. The information was obtaingd'ftam*research ofrthe '
‘relevant literature and conferences with helicopter pilots.and
engineers in the military services and airframe-manufacturing .

organizations.

i ) _ | e Aircruf; and Equipment Data - The pertinent flight characteris=-
:tics, cockpit configuratibn data, and relevant equipment comple- o :';{
ments for the heli;opter'models being considered were acdumula;ed.
This information was obtained from flight handbooks, installation-
manuals, manufacturers' literature and engineering data secured
from the aircraft manufacturers.,

2-1




Systems Analysis - This critical phase in the program led to

the application of the HUD, and the selection of the functional
modes and the display formats for each of the applicatiomns.
Mission analyses, information requirements studies and display/

control analyses were perforaused to accomplish these selections.

Optical Studies - Optical configurations were studied to estab-

lish the classes of HUD projector designs that are suitable for
installation and use in helicopters. Final recommendations for
projector designs for each application were made from among these
possible alternates. ' ) -

Elecironic Studies - Electronic, digital processing techniques

applicable to helicopter HUD systems were studied. Electronic
interfaces with sensors, data processing, and symbol generation
requirements for the HUD were considexed in this phase. The
electronic and physical characteriatics of the equipment required
for the HUD were estimated.

Cockpit Lgyeut Studies - Cockpit configurations for some of
the eircraft were studied with scaled layouts, as a basis for
establishing the feasibility of installing the HUD equipments'
recommended for these aircraft.

28 o . e Final Evaluations - All HUD candidate systems developed were re-
- - _ _ 'viewed'in relation to the various helicopter models and missions.
S _ R A specific HUD system was. then selected for each helicopter and

. " o mission.

(L
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8, SCOPE OF APPLICATIONS

The scope of the possible applications of the HUD was detérmined . ;
by the classes of vehicles and the types>of missions consideréd. Six
classes of helicopters and STOL aircraft in the current Navy/Marine
operational inventory were investigated as'listed with their -

manufacturers.

e H-1 Series (Bell)

o H-2 Series (Kaman)

e H-3 Series ‘(Sikorsky)

o V-10 (North American)
e H-46 Series (Boelag Vertol) ,
e H-53 Series  (Sikorsky) C _ S

e N e P R S A N T "V’?'..’M

P :.q_’.
’

s s o .

2 . S VR e

R b e R by T el G b B v ]
> R AT R L R N SUEERE,

The speci:.c modelé of the vehicles considered are shown in the matrix
presented in Figure 2-1, Although the CH-3C, E and the HH-53B, C air-
craft are in *he Air Force inventory, they have been listed because the

g

g

HUD has particular relevz.ce to their type of missions. The OV-10A is

the only ope rational STOL aircraft in the current Navy inventory. The

Hawker Siddeley Harrier V/STOL fighter, now\being'suppliedgto the Marine
’» corps. has not been specifically considered in this study because it is

-already equipped with a HUD as part of an ‘integrated navigation/ettack
system. In addition, sll rusearch V/STOL vehicles were excluded from ‘
consideration in this study because t.ey represent flight contrqi'tést”‘ . S
beds, only, with no tactical operationai capability. o : S ﬁ

Relicupters and STOL aircraft mav. be used for che following:classes
of missions: ‘ S L C

4

s Transport e Antisubmarine Warfare
_® Search and Rescue .o Mine Countermeasures .
® Recovery ' . o Close Suppor:'
‘¢ Observation . e Utildty -

e Reconnaissance e iedical Evacuation
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Transport missions cover the delivery of men and/or materiel to sites

located in friendly areas or to a hostile environment for assault or ver~’

tical replenishment of supplies. Search and rescue operatioms involve
locating downed pilots on land or at sea, frequently in hostile environ-
ments, and bringing these personnel to safety. The recovery operation

covers mid-air recovery of special equipment being parachuted from high

“altitudes. Observation involves visual target detection and acquisition

from the air, and relaying this information to suitable weapon systems.

Ground-to-ground weapon delivery effectiveness can also be assessed and

controlled with observation aircraft. Reconnaissance migsions relate to
the acquisition of large amounts of intelligence by all types of sensors
for'storage and subsequent analysis. Antisubmarine Warfare (ASW) covers’

"all airborne means for detecting, locating and destroying enemy under-

water craft, Mine countermeasures are the means for sweeping underwater

..mine fields to free the mines, which float to the surface so that they

can be detected and destroyed.- Close support is the use of airborne

“weaponry for tactical support of ground operations.« Utilicy missions in~ .
volve the transport of select personnel such as VIP's or special equip-

ment to specific sites with minimal preparation. Medical evacuation is
the emergency removal of wounded personnel from forward areas to sites
at which suitable medical attention is available.

C. SPEGIFIC HUD APPLICATIONS

A decision regarding the utility of a HUD for any particular combi-
nation of aircraft and mission ultimately depends on the effectivencss
criteria, which are selected to-evaiuutc utility. Furthermore, the HUD
has relevance to a specific critical flight operation(s) involved in any
ajrcraft and mission. The matrix in Figure 2-1 was developed to present
an overview of the cvaluaticn performed on this basis. The vertical
entries are the combinations of aircraft models and missions, while the
horizontal entries are a summary of the flight operations involved in any
of these missions. A component or entry in the two-way watrix, in the

2-4
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@ form of a circle, indicates that a particular flight operation is perti- :
?ﬂ ﬁi nent to that row representing the aivcraft and mission. The circles are -;_
gé ‘%% subdivided into four quadrants, each indicating one of four effectiveness l
criteria which have been used as a basis for evaluating utility of the

| HUD.

b & e Extended System Capability - Flight operations made practicable

}} 'ﬁ through the use of a HUD, but which could not otherwise be per~

vi: ﬁ formed at an acceptable level of performance under a wide range

;; ~§ of situations. | ‘ ' '

S : ‘ :

?ﬁ i o e lmproved Accuracy in Performance - Augmenting the precision with

f%“ ? vhich critical flight operations such as basic flight maneuvers,

1§ '§ approach for landing, and fire control, can be performed manually

.é' i by pilots, |

é‘ § e Improved Consistency in Performance - Reducing the variability in

ﬁ ‘g performance obtained in replicated maneuvers of a particular type.

:% 1; Variability includes that produced by a single pilot, as well as

? E ' variability arising from differences awong pilots. |
% % ' o Significantly Enhanced Pilot Confidence - Increasing the confi-

dence of the pilot in executing hazardous operations such as
terrain following and instrument approaches. Some key factors
that affect pilot confidence are: assurance that his system(s)

P L TN e e A e A

f i o LT A TR A
ORAARTREE R S 2o e Al

the HUD {s considered an effective addition to the aircraft for that
particular operation, based on the criterion indicated by the quadrant.
The multi-quadrant entries represent recommanded applications of the HUD

’ g is performing satisfactorily, advising of marginal or deficient
4 ? performance, minimizing the probability of surprises for the

% f pilot, and providing suitable backup capability in the cvent of
F ¥ system failures,.

:é z When a quadrant of a circle entry is filled in black (Migure 2~1),

———
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I
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1
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based on several effectiveness criteria. These are generally the more
cogent applications. Note that the last thfee criteria (augménﬁed
accuracy, consistency and pilot confidence) all contribute to improving |
flight safety, which is measured statistically by the complement of the-

accident rate.

Some of the entries in Figure 2-1 are blank circles, i.e., without
reference to effectiveness criteria. These entries refer to aircraft
and operations that cannot presently be conducted with the HUD due to
the absence of suitable sensors in these aircraft. Avionir growth in
these aircraft may lead to RUD applications for the operations indicated.
-Other more specialized potential applications of the HUD, which are not
included in Figure 2-1, are presented in Appendix E. ’

D. SIGNIFICANT TECHNICAL RESULTS AND CONCLUSIONS

The HUD will, with varying degrees, improve the effectiveness of
helicopter systems. As such, it descrves serious consideration in futuyre
helicopter avionic system development relating to both new and existing -
vehicles. Whether a HUD is established as a simple flight control and
attitude orientation instrument to assist pilots with minimal training,
or whether such instrumentation is specified for more critical flight
operations such as weapon delivery, mid-air retrieval of space capsules,
otc, display systems of varying costs and complexities are available to
suit the application. A wide range of 12 practical syastem and equipm&nﬁ
configurations has been conceived in this study for this purpose. '

The most compelling aesds for HUD are ussociated with the following
critical helicopter problems uncovercd in the operational surveys
conducted,

(1) Control difficultics during raplid, steep VFR aypibnch§3\ss\?m;_ Cod

may be necessitated by encuy gunfirc, rough and dense ter-
rain, etc. '
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(2) Loss of ground target (after initial sighting) under adverse

detection conditions due to lack of acquisition and continu-

ous orientation capability.

(3) Approaches under poor visibility conditions.

(4) 1lnadequate gun/rocket fire control performance.

These problems are principally associated with the following tactical

conbat operations:

e Remote Area Landing - Problems (1), (2), (3)

| e Gun/Rocket Fire Control - Problems (2), (4)

e Search and Rescue - Problems (1), (2), (3)

With respect to equipment design, display information and symbol for-
mats are developed for each of the significant flight modes or mission
phases analyzed. Four specific optical projector designs are recommended
for various vehicle and mission combinations. The key performance and
physical characteristics, developed with the aid of computer, ray-trace
solutions, are provided for each design. 'Two of the projectors consist
of on-axis refractive optics with Cathode Ray Tube (CRT) image sources.
The other two projectors comprise simpler on-axis reflective optics with
electromechanically driven reticles. All projectors are designed for
overhead mounting. A hand-gripped aimsight featuring & stabilized servo-
driven reticle hus also been designed in preliminary layout form and is
recommended for certain applications. A unique computer svlution approach
to the stabilization of this aimsight reticle hag been formulated. |

Recommendations are also prescnted on the basic design approaches to
be employed in the electronic processor unit. Three processor types (one
analog and two digital) arc described principally in cerms of selection
tradeoff criteria. In addition, a digital processor centered about N
apecial-purpose computer specifically designed for synthetic symbol dis-
plays, is described in considorable detail. This type of computer with ~

2-7
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its dual program control, exclusive solid-state memory, and instruction

repertoire is presented as an efficient, promising approach to stroke-
written symbol displays such as a HUD. - This processor design assumes
even greater advantage in certain helicopter applications, where the com-
puter is functionally extended to execute certain specialized, display-
related arithmetic calculations associated with aimsight stabilization
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and visual kinematic targeting.
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E: Five kinematic targeting techniques are recommended for ranging and/

' . or full orientation of a target with a HUD. The value of such targeting §
,%'_; has been established for a multitude of helicopter applications, where §
ﬁf i§ the specific technique to be employed depends on the tactical operation, %
;ﬁ g terrain and weather conditions, and the on-board avionic complement. é

This low cost alternative to systems employing direct range sensing has
5. been made practical by the advent of efficient, small-scale digital com-
% i ' putars. Equations have been fully developed, and preliminary programming
ﬁ analyses have been conducted to test the feasibility of each targeting

ndi2 R

)
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3 By system conceived.

g f A number of visual and aided-visual weapon delivery system concepts,
. | involving the use of fixced and moveable optical projectory, are presented ' é
for consideration by the Navy and helicopter system maAnagers. ‘Por visual -'f§
dalivcry. a somewhat more simply cquipped system is synthesized for =
1npr6vcd fire control performance. An even simpler gunship system is
advanced in which a wore heavily inatrumented leader gunship or obscrva-
tion (hunter) craft transmits, via voice communication, only senscd tar=
got altitude to the attack gunships for improved HUD fire control. The
functional extension of the woveable ailnight from viaual to aight combat
operations, in which pictorinl LLBTV or IR is pteseuted on the aimsight 7'
via a CRT, 1: nloo recounundud.




SECTION III

DISPLAY DESIGN CRITERIA AND REQUIREMENTS

The essential design criteria and requirements associated with the
design of HUD systems for the Navy/Marine operational helicopters and
STOL aircraft considered in this study are presented in this section.
Although frequent references are made to various missions and associ-
ated operational modes, the criteria and requirements are largely
discussed in a general manner since each related extensively to many of
the display formats and equipment designs presented in Sections 1V, V

and VI. The HUD designs syanthesized in these sections take full account -

of these criteria and requirements and the concepts on which they are

/

A MSIC VISUAL AND DISPLAY CRITERIA
The HUD is easentially a visual flight device, in \hteh thc puot

~ extracts information from che real world by visual means. sod combines ] .
1t vith processed dats display by the HUD. The basic psychological ad- =~ 1"
© - ventages in using visual cuss from the resl voml uay be attubutd o
~ the tonwtu. The information froa the real world has a rtehuu in
- content and & high degroe of organization for perceptual uu-uum.
- The pilet has had ufolm experience in handling utcmuu 1a thu
_form. The fact that m;m by visual reference is not uuturuy M. S
'_'.A_—'lmrlor for all phases of & aission does ot devalue the . mney of au, NS
.- external visual field. The pllot aled has a high degree of contidence

in vhat he psrceives _mu_ny. . m "lhrlv. 1 mun h an ef!eeuw
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means of increasing the subjective reliability of a flight maneuver.
The fact that optical illusions in flight are as compelling as they are
when they occur may be attributed to this factor.

The fact that the HUD is also effective for instrument flight is
based on the advantages of visual flight. 1In almost all instrument
flight, there is a transition to visual flight. A compatible Visual
Flight Rules (VFR)/Inscrument Flight Rules (1FR) display is therefore
a compelling requirement to permit a smooth transition between the two
modes of flight. The rapid, accurate evaluation of isolated visual
cues such as single lights or landmarks ia relation to a tetal situation
diccates that the display be presented in & format overlaying the real
visual world. Oaly a HUD has this attribute. Furthermore, there is

~soaetimes the requireaent for a smooth tranaition from visual to instru-

ment flight such as in an aborted instrument approach, or in flight in ° -
mixed weather. Again, the HUD is particularly suited to this task. The

-visual flight node discmed ia the pteccding assumes nishtlm opcntion
and daynsht.

Pucua etiuru for. tha assignasont of 1nfomuon t.o the WUD car be

'_futabluhad on the basis of the fowgoiug.. M ‘!ud-up flight is con- _t
. sidéved advantageous, what information should be included in the HUD? '
'm criteria uhich are censidemd to be tha mt simncant a*e as

" fonmz '

e Infmuon that eaaaﬁcess che preeuwa of visual %’usht muel.

m_es Prwidinﬁ wn infomtiua thnt Wnu tlw ,
pilat's ebility to centfel the flight path. of the wmele
ia relauon u the ailuag ﬁﬂiﬁt oi the hﬁlieeptar h&dm

"».i»araa. S
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o Information that improves the ability of the pilot to assess an
existing situation vhen informatvion from the external visual
field is available.

Example: The display of the helicopter velocity
vector direction in the HUD will enable the pilot to
observe the relationship betwecen the flight path of
the vehicle and a terrestrial obstacle during terrain
following.

e Information that enhances instrument flight, through cither a more
favorable perceptual ariangement of displayed information in a
three-dimensional context, or vhere transition fvom instrument to
visual flight must be sccomplished rapidly and smoothly.

Bxample: Tracking & ground radar target defining a
destination way be morc casily accomplished with the .
‘target and a quickened fiight control response clement
displayed in the HUD. Visual acquisition of the tam:i N
may then be acéouplibh’ed snoothly and a transition to
~ wisual flight control effected with mmmy io the
Aduphylmnol pmednu. ’ '

) xafomuon thnt wust ba ulplo& freqmuy on a rul-tm bsis
duriu haad=up . iught eaut:ol. o

o m cm speed mt be wuttond uouly dettu
L mmeh to the hover conﬁ'tioa. u tidtt !nght path
~ control 1s belns, achieved vith a m. it 1s reascnable
 to include speed control inforsation in the sane Cisplay.
© Prequent shifrs in visual atcention betvesn the eoehpit
'Tpauiudthawna*e thamy&m&a. '

o ‘Du iﬂ(my eﬁteﬂn should bi? dhtimm“ elnﬂy ‘m npor«- o
 tance of the {nforwation. ttfomtm that s mmmle tise tates
otchw aﬁiaﬁmuuumwlw; uehmtrqwxyu
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the variable is to be controlled. Continuous control of an error in a
traeking mk represents the extreme case for this type of informatiom. :
llanvot. utublu such as engine temperature are quasistatic though ex- p
tremely important to the success of the aission. The significance of ad- L
vising the pilot of a change in engine temperature dua to malperformance E
does mot itself warrant inclusica of this information in the HUD.

One additiocnal general prccept must be considered among the criteria
for assigoment of information to the HUD. It is highly undesirsble to
have more information than absolutely escential displayed in the HUD;
additional projected clements may occlude and/or confuse the pilot's view
of the real world. |

The guidance, coutrol and assesswent information, which the pilot say
- vequire in the performance of the flisht operations delineated in the
- matrix of Pigure 2-1, is shown in Figure 3-1. The entries in this wateix
_ involve tvwo classes of mtomtiau. that uhlch {s essential and that which
-_*uauzrme. | S T

From the iufor—eiou mulre-ntn in Hm 3=1 m the crturh for
presentation of information in the HUD d&scdm in the pncuﬂaa para- '
- graphs, the m mﬂg\nnuw pnunm ia Sccuon xv for uch -odc of -
' ‘:opoutua vere denlopd. ‘

- The visual fmuou in ma.c :m dre mud by the nun ate um»
, _"uﬁuﬂ um. L '

‘® !qum fluht caattol - : ..

.- @ Easler transition from iuttwt to vunn ﬁmz s

e Quieke! visusl aﬂuﬁduu of tavmets -

o Pmlu ‘entry of target data’ aaquiml visuuy T
) Safar :rminon fron vhual ta ‘instruseat fngbt R

SR :.":'}Aﬁ;i"&'m BTl 3 MIEES 20 A% TS e L 8 K S o b o - . .
o i s



suotaesadp IyBF1d 323d0DFTRH JO 2OMPUCD 303 PaT

1-¢ @an3yy

| PIGHIISIT SI NOILYWIOING I

PVIUNIS ST S/ NO/LVWIOIN] ¥

nbay uvorjemiojul

<
<
4

v viv|v|v

- 4

NOVIIASY NIVPMLSNS

viy v viv

INSHDRD FIANNIVIILSY

al

NOILYOIAVE 2UNOY N3

HOPNOS SWWON o/ovy

i\ngw\%‘ ’
DS TV -4 -2I¥

4/4/4]| ¢

LNDIS IHOT - WO
FNS OWDOND ~OL-2IV

‘ .

¢/ d/ajdl e
¢lula|d|d]a|s
IR IR ER AR <

DWGNYT X DDV

-4-b

4
<4
<

ucsmsssw~!!x=m33w

4
4

3

DIIIMITN 2V -U-EIV

<

q
<
4/ ¢|a|al e

<

DNImorIas MYYDL

4

e ——r &

<
4
<4

PVRNIUIY WIV-OWY

4]l 4|ql€f{Q}d
B NE-RE B RERRY

4
4

LMDI2S HNIINWNOS

wMOG2TY § DIAOK

PEPRPERPIE
<jejala]e

q

Swiavyy »
NIVONISY O IPN

41414

BUIMNIVW

\%ﬂﬁ

LUDITS DiSVE




T ORI N L S L R AR R P O R ING G

PRLETSI RS s AT

B. ACQUYSITION AND LESIGNATION CRITERIA

it

The tactical, close support nature ofthelicopter operations makes it
highly advantageous, and often imperative, for the pilot to bé presented
with a positional orientation of hig wehicle relative te,gronnd targets :
of interest. Tﬁis, of course, necessitates -a self-couteined systen of ah
acquisition which for iow flying helicopters is best achieved visually, , :i
or in the case of hight operations, through aided-visual weans. Since
the HUD bridges the gap between cockpit-genetated informrtion and visual
;1nfotuncion from the real world, it has been: established as a necesaary
element in helicopter acquisition systeqs.

3

~ ..
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The following fovr classes of external visual and display information ) vf?"
aggociated with the acquisition process have been congidered from the
very specific scandpoint of extending the capability of helicopter weapon
systems with a HUD. o ‘ . : o

& Acquisition (VA) - Visual information acquite& for storage in

a memory system on _the aircraft or transmitted to another air-
= craft or a ground base. A t&picaigexample involves a discrete’
' HﬁD_acqqisition providing elevation and azimuth angle data. .

This‘infqrmafion,‘bheh combined with sensed or derived: range,

v‘y;elas a_full three-axis orientation of the detected ground
V target. ‘ - o s V

RIS
f

..
s
.
N
B
¥4
g7
YT
&
;

0‘D§signatiou (Vn)‘- Visually designeting'the location of a tar-

get to the pilot by a symbol suitably criented in the HUD to =
facilitate visual detectien by the pilot. Exaﬁples are a =
: }97'..: Sy hostile target or -the’ estimuted logation of ‘a downed pilot =~ v

who 1s to be rescued., R B

)

QfDesigna:ion/Achisition\(VDA) - Designating a'tqrget in‘the

‘ HUD for subsequent visual acquisition, Any difference between =
N ‘_ L tue designated and true pusitions of the target is erased by
Y updating the designated information after the target has been

~’

ot

35
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acquired by overlaying the HUD symbol on the target. An
example 1is updating the initial orientation of a target

: for terminal weapon delivery.

N \

e Acquisition/Control ( ) Display of steering guidance

in the HUD for precise flight path control associated with

an acquired target. Examples are terminal navigation and _
landing letdown in remote areas and air-to-ground fire

control.

In another sense,'a'pilot‘executes a.more basic form of visual acqui~-
sition/control (V ) by directly using visual information acquired from

. the real werld to control the gircraft. The overlay of a HUD deviation
symbol on the aim point in a landing approach, and a reticle symbol on a .
groun& target during weapon dcliVery, are examples of this class of ex~-

.. ternal visual and display information.

C. FIELD OF VIEW

The extent of.the visual field to-be covered by the'images projected
in a HUD for helicopter. (field of view) depends upon the flight regime .
of the vehicle, the flight maneuvers to be executed, and the external
visual references required to conduct the operations. Under VFR, the
.pilot has fairly complete visual ‘access to the environment around his
ﬂaircraft limited only by the attitude and heading of the vehicle, and
the visual cockpit cutoff angles. The field of view requirements for VFR
are, therefore; determined by the relationships among the display images,‘”'
Aﬁthe orientation of the aircraft, and the location of visual objects in

the real world to be used in conjunction with the HUD. Consider, for ex~
ample, a.visual approach to a landing pad at the prescribed desoent angle,:
using & deviation image to measure displacement from the ‘reference path -
and a flight path marker to show the direction of flight (Figure 3=2).:.
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The required field of view is determined by the range of orientations of
the deviation bar and flight path marker in the HUD and the landing aim
point on the ground for the attitudes and positions of the aircraft that
may be involved in the approach maneuvers. In this case, the aim point
must be contained within the field of the HUD, because HUD imagery is .
being used to overlay and/or overfly this point. In other VFR situations

‘guch as clearing an obstacle, it may be sufficient to observe the visual

target (obstacle) in the real world beyond the limits of the HUD, and to ‘
execute maneuvers in relation to the target, which ultimately move into
the HUD field. In VFR, therefore, not all key visual elements in the

" real world need be viewed through the HUD to permit éfféctive flight con-

“trol énd/ér monitoring in relation to these elements. The :HUD augments

the information derived from the visual world im VFR, and it need not pre- -

'fsent.a complete display of the visual situation.

 Under IFR, however, the surrogate images reptegent1ng, éay, the land- -

- 4ing area or a ground target with a known loéagion. must be presented in

the HUD in their correct visual position with respect to the aircraft.
This is essential to make IFR flight compatible with VFR, to provide
effective displays for mixed or limited visibility weather, in which
transitions between instrument and visual flight must be smooth. The
field of view requirements under these conditions are generally larger

~ than for visual flight only.

‘There are several additional considerations involved in defining the
visual field angles to be specified for the projection system of a HUD.
The installation of the HUD in a cockpit is designed to minimize field

Vtequirementa by optimizing the orientation of the center of the HUD field.

Thus, if the lower limit of the field is farther below the boresight line
of the aircraft than the upper limit is-above this reference, the center

 of the HUD field should be depressed below the boresight line. The HUD

optics may be made moveable, either in discrete steps to fixed positions,
or continuously adjustable to cover different fields with respect to the
aircraft for various flight modes. As an example, the HUD may be in an

~ up-orientation for flight and in a down-orientation for approach and

3-7




landing. Special flashing surrogate symbols may be oriented af the edges
of the HUD field to designate elements that are beyond the limits of the
field. These symbols may serve as adequate indic#tbra for control until
the targets move into the HUD field. This technique is useful for opera-
tions in both VFR and IFR.

In most HUD projector designs, the pilot's eyes are behind the exit
pupil. This optical situation provides the pilot with dual overlapping

~ monocular fields, displaced laterally due to the separation between the

eyes (interpupillary digstance). The common field in the overlapping re-

‘glon is seen binocularly by the pilot. The field that is mapped by the

image generator in a HUD is generally larger than the instantaneous field
seen by the pilot in one head position. The pilot can therefore extend
the useful field of view in the HUD with some head movement. Some of

‘;theae visual considerations related to the design of HUD systems are

described in Reference 12.

As an example of the required orientation of the HUD images in the
vertical plane, consider the approach for landing showm in Figure 3-2.
The desired approach angle to the aim point is ¢°. and the maximum angu-

“lar deviation from the reference path is €. If 7 is the flight path

. .
angle of the aircraft, and this is to intercept the reference path at an
angle proportional to €, : _

- ¢o) - a¢
vhere
(r - ¢°) = Intercept angle

a = Constant preater than unity

The flight path marker has a maximum depression below the horizontal
reference of '

Rl A
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wvhich corresponds to a depression below the boresight line of

07‘-0-7’ -07‘+¢c+ae

vhere 07 is the pitch of the aircraft at a flight path angle ‘r‘ equal to
1
‘o + a¢. When the aircraft i{s below the reference path, the intercept

angle is (¢° - 7), vhich is also made equel to a€. Under these condi-
tions, the flight path marker has the minimum depression, at an angle of

~which corresponds to a depression below the boresight of

+o, - o

vhere 07 is the pitch of the aircraft at a flight path angle 7, equal to
2

00 - at. These required field limits for the path marker pertain to a
single approach path ¢ o' The deviation image is oriented at depression

angles (8,r + ¢°) and 0? + ‘o for the same situations above and below
R 2
the reference path. The required field of view for the HUD and its ori-

entation in the aircraft are determined by this type of analysis covering
the full range of approach angles ’o'

As an example of field of view requirements in azimuth, consider the

final approach situation shoun in Figure 3-3. The aircraft is approaching

the landing pad by coupling to a referonce path that permits a landing

into the wind at heading H,. The initial lateral angular deviation of the

aircraft. from the reference path is §, and the desired intercept angle of
the ground speed vector (path marker) is A, vhich is assumed proportional

to § (i.e., A equal to bS). The relationship among airspeed, ground speed

and wind is shown by the vector diagram in Figure 3-3. The associated
sideslip angle of the helicopter at the approach spesd is shown as f. -
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The half-field angle required for the HUD under these conditions is either
Y or (A - ¥), whichever is greater. The angle A is determined by the ‘
maximum deviation angle, §, from which ¥ can be determined from the vec-~
torial speed relationships. '

The results of an analysis of the characteristics of the H-53 air-
craft as applied to field of view requirements for a HUD for both VFR
and IFR operations are presented in Figure 3-4.

D. ON-BOARD AVIONIC SENSORS AND COMPUTERS

The avionic complements that presently exist in each of the heli-
copters studied are summarized in this paragraph. Thia survey was made
to ensure that the HUD designs formulated and recommended for each appli-
cation account for the realities of available sensed or computed data.

A summary of the current avionic complements is presented in Table 3-1,

By way of contrast with advanced fixed-wing tactical aircraft into which
HUD has been incorporated, helicopters are relatively simply equipped.
Furthermore, much of the equipment is not within the state of the art of
achievable accuracy performance, and in some cases, reliability. In fact,
the Navy is planning to replace some of the equipment listed in the tadle
with units of wore advanced design. Of particular significance to the
introduction of HUD in helicopters, is the accuracy of actitude data.

This is important in a display of this type, which is largely real world

oriented. Without rcasonably accurate attitude data as may be required

for the flight operation involved, the effectlvcnocn of a HUD is seriously
_ impaired and its installation may not be juntified. Aceordingly. for cer-

tain critical opcracional flight modes, the nubstitugion of a higher per-

formance Attitude Beading Reforence Systom (AHRS) for the existing VG/DG's  }
is indicated. The availability of a Doppler radar is also of interest in  ’f{ ;-

wo lyoteukdootgn. All the vchiclcs covared, with the exception of AH-1.

~ and OV-!O. carry this equipment. In addition to cnabl&us the pxesuntu-

tion of s path marker syabol on a HUD, Dopplers also pxovide the vnxoclty
sensing Gecessary to 1lpl¢unnt & ousber o! linllitic targetins systems
described 1n Subsection tI!.H. ' - : S
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The two noteworthy exceptions to the on-board £light data limitatioms
noted in the previous paragraph are the CH-46F and CH~53D helicopters for

e T

which advanced self-contained navigation systems (Level I of IHAS) are pro-
vided. The flight varisbles and associated signal format that are avail-

able for imputting to a HUD are presented in Table 3-2. The data
tabulated consists of signals currently outputted within the AN/ASQ-104
system (CH-53D) and those aignais for which expansion provisions are made
‘in the systea (principally the navigation computer set) to readily output.

e A st et

TABLE 3-2
SIGNALS AVAILABLE FUR HUD FROM AN/ASQ-104
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% E. COMPUTED BASIC FLIGHT PARAMETERS FOR HUD

Some of the information presented in the HUD cannot be obtained
dirvectly from exisuing sensors. The orientation of the horizon line,
which indicates attitude in the HUD, can be based directly on the output .
of a vertical gyro. On the other hend, flight path angle and flight i

o1
3

et S O i

DA NN

,a;(_m!"_‘.}’j_em‘:{'-ﬁ 2%

t director commands, vhich orient the flight path marker and the flight
f director image in the HUD, must be derived by computation froa more basic }
- information. Some of the key flight parameters vhich must be derived by
\ , processing other sensor data are showm in Mgure 3-5. The scusor sources %
are shown in tha blocks to the left, while the computed cutputs lesd to
. . ]
P the display generator on the right.
- ' | ’ M an example of the types of computation involved in the data pro-
£ cessing, consider the smoothed radar and barometric attitude signal ob-
§ - - taived by mixing radar altisater and pressure altitude signals. Cousider
£ - tvo successive sampled. pressure altitudes H, and u, and the moet
g T -
i -nml radar nltitnﬂu l!g nnd HR I!. tn gmnl, -’m, is defined u: _
" o M, u. My
then L R
- ' : %n-t g’n—i .%n-t_» o
. . ﬂl,*il? °'iiiu. |
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The asso;iated smoothed value of tadar and barometric altitude HR/P is

" then given by =

Herp "‘Hp. - &, - -

n N -

F. GROUND GUIDANCE SYSTEMS v

- An effort was made early\in the program to uncover the currently -

. employed systeus and developmental ground guidance systems lilely to-te
adopted by the Navyluarines for future operations. The purpose was to o
ensure compatibility in 'HUD terminal’ .approach operation with these -
aids. Many such. radio guidance systems were: uncovered, both operational\
and developmental intended primarlly to aid in remote area- landing and ; i s
_in detecting the position of downed aircrews in‘ SAR operations. These R

 systems include: - i 5

- @ iLﬁ - Used in standardfiER approach to base
'@ GCA - Used in standard IFR approach to base: , —i
) B v _

o_bortable Field TACAN - Used in night/IFR approaChes~to

remote areas. However, system provides lateral directioficl

- guidance only. Vertical path control is presently conducted - = o i;-“
essentially open loop via airspeed and rate of descent from . e
‘a4 initial point established by radar vectors from remote = ' D

“ , ground stacions. A more positive, accurate means"of ac- : :j sl o
 \ - ' ' quiring and orienting the touchdown point, either visually - : '

or through;v1deo sensors, is indicated%

N o PRC-90 UHF Radio Transceiver - Provides -veice communication .
.. 1ink and homing signals for direction finding during SAR’ N

Op_eratl\)uanx - i - A i . T \

~
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~ @ PRC-95 Radio Transceiver - Operates with TACAN-equipped search o
. aircraft to pinpoint location of survivor.p Prov1des distance '
measurement\and pearing‘information,> o
‘@ TALAR = Portgble ILS developed ’1_;_y Air ‘-'rorce;

. e RATS =~ Remote Area Terminal System developed by Sperry Flight
Systema Division. . B ”: Ert

- ~.

1,

o e - s

. ACLS - Automatic Carrier Landing System. L

-};‘o STATE - Simplified Tactical Approach Terminal System developed

~7 by Honeywell for remote area landing guidance. Provides e1e~
;; vation and lateral deviations to aircraft for descent ‘angles
- between 3 to 30 degrees. Slant\range provided?up to’ JO nauti~-

< cal miles.

_Other guidance aids untovered include a hand~he1d 1aser beacon developed

by Sperry Gyroscope with applicability to- helicopter night operations.

';i:, However, time did not permit an adequate in—depth study of all these aids
as they.would affect specific~HUD utilization and deaign. Accordingly,
they were treated. rather ‘generally in~this study. :

6. OFF-BORQSIGHT-; ;STABI;.;‘ZED AIMSIGHT -CONCEPT :

1. General Reguirements and Implementation Approach

~ One. of ..the more compelling optical display requirements estab-
lished in this study for tactical helicopters reflects the use of a small

field, mpveable aimsight for use in visual acquisition and/or tracking of

ground targets. . Conceptually, the directional sight i{s a generally well
underetood"device having been applied in military aircraft for some time
including helicopter gunships. In its simplest form, the sight projects
a fixed, collimated reticle image, which the'operator manually positions
to overlay a ground target, either instantaneously or continuously. 1In
helicopter applications, this motion generally covers a wide range of

3-16




azimuth and elevation angles. The angular orientation of the reticle
1ine-of~sight,'re1ative to aircraft axes, is directly sensed thrdugh

appropriate pickoffs.

‘There are two basic approaches to aimsight design: a hand-
gripped unit and a helmet sight. These designs and the relative merits
of each are described in Section V. Either type unit can, if properly

designed, be used to implement the acquisition and tracking requirements
| established in this study. Accordingly, the system concepts described
‘in this paragraph and- Paragraph H of this section are applicable to bothA

‘-,designs.

Characteristically, helicopter-installed aimsights are used to
direct off-boresight firing of gun turrets via a ballistics lead com-
- puter. In addition, aimsights have been employed in the AH-56 helicopter
and certain fixed-wing,  hunter aircraft to control the position of a
radar and laser range finder toward the sighted target. -Such ranging
devices, however, are lacking in every Navy operational helicopier‘as
- evidenced by the sensor complement summary presented in Paragraph D of
this section. This'deficieneY~pbses a number of operational problems - .
- and otherwise limits the effectiveness of certain key helicopter mis~
sions. To alleviate these problems,'therefore, a number of kinematic
targeting techniques, by which range and other offset target oriantqtion
data are computed from aimsight-derived angle data and certain flight
variables, have been conceived. These kinematic targeting systems and
' the specific helicopter operations for which they apply are described
in Paragraph D of this section. o N

Helicopters are inherently well suited in accommodating effec-’

tive use of hand-gripped aimsights. All Navyluarine helicopters provide o

for a two-man cockpit crew, of which the copilot/gupuer is relatively
unburdened and has considerable latitude to make frequent and effective
use of the aimsight. In terms of space accommodation, the relatively
largévqockpit and absence of cockpit ejection associated with all

3=-17
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helicopters negates any serious installation diffficulty for the hand-held
sight. Helmet-mounted sights, of course, can readily_be accommodated in

-helicopters and fixed-wing aircraft. 1In fact, they‘constitute the only

practical means at present for off-boresight acquisition in single-place
tactical aircraft. "

A preliminary layout design of a hand-held aimsight is presented

. in Section V. The unit features a servo-driven, rather than fixed,

reticle to enable earth stabilization of the reticle image in accordance <J,ff
with the requirements for such atabilization desctibed in Paragrapﬁ‘G.z.
of this section. ‘ ' R

Impiicit jn‘anyiﬁrojected'féticle aimsight, of course, iéfthé'u -
visuai nature of its application. ‘However, the operational and tgchnif-.;.zf5vi'f
cal feasibility of exténding aimsight utilization to the aided-visual
diéplay’of IR/LLLTV pictorial videc during night combat operations is

- discussed in Appendix E. These video sensors are under active'considerq‘v“
~ ation for near-future introduction into a number of helicopters. The

presentation of raster scan video would logically be accommodated by
substituting a miniature CRT for the two reticle 8arTvos otherwise re-
quired for strictly visual operations.

2.  Aimsight Stabilization
a. Basis of Requifement
Attitude stabilization of aim reticles or other real-world-

related symbols is generally acknowledged to be a highly desirabie.'if
not necessary, feature of HUD. In the case of aimsights, it enhances

acquisition and tracking performance by eliminating from the operator

the burden of f!ltering the adverse effects of short term vehicle dis~
turbances. The effectiveness of such stabilization to cancel the
effects of attitude motion has been clearly demonstrated in weapon de-

- livery displays (both head-up and panel mounted) employed in fixed-wing

dircraft, However, before recommending costly stabilisation for

3-18
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off-boresight aimsights in helicopters and undertaking the task of
deriving the associated equations, investigations were first conducted
to establish a reasonable or compelling need for iﬁcorporating this
function in the aimsight design.

These studies revealed that high frequency attitude and
translational motion effects as induced by wind gust, vehicle control
inputs for maneuver and trim adjustment, and other atmospheric dis-
turbances are no less severe for helicopters as is the case for fixed-
wing aircraft. For example, flight tests conducted by Sperry Flight
Systems Division on an H-3 helicopter yielded typical responses of

+2.0 degrees in pitch and roll to. 20- to 25-knot wind gusts with atti-

tude hold disengaged as would be the case in maneuver flight., Some-
what larger transients of about 24.0 degrees were encountered in yaw
under the same wind and disengaged autopilot conditions, because of

_the tendency of helicopters to rotate into the wind. Characteris-

tically, oscillation levels in helicopters are roughly the same in
any given axis over the entire speed regime - from hover to maximum,

In the case of constant path flight with attitude hold engaged, Sperry

flight tests yielded somewhat improved damping in the attitude re-

_ sponse to gusts with amplitudes approximately one-half that incurred

wvithout attitude hold. In either case, the amplitudes and associated

- natural frequency of oscillations are both sufficiently large to sug-

gggc"ahht'aimina or tracking performance with an unstabilized optical
sight is poor. -

Even under the most ideal conditions of constant speed,
straight and level flight in smooth air, and three-axis attitude hold
engaged, CH=-53 flight test data supplied by NATC indicates perturba-
tions of about 0.2 degree rms in pitch and yaw and 0.5 degree rms in
roll, with peak excursions of between 2 to 3 times these values.
Significant translational effects are also experienced in helicopters
a8 in fixed-wing aircraft, particularly with respect to vertical

3-19




However, because of

velocity response during wind shear transition.
their relatively low incidence of occurrence, display stabilization for
these transients, although relatively simple in its implementation, is
not recommended.

Interviews conducted with several helicopter pilot/gunners
confirmed the anticipated difficulties of visually iocking an unstabi-
lized gungight reticle onto a ground target - both: with ¢ fixed, bore-
sight projector and swiveable off-boresight aimsight. This problea is
discussed more fully in Subsection IV.H. It is zove acute for the wore
demanding task of continuous tracking of a ground target under maneuver
conditions than it is for ome-shot, single-point acquisitions.

b. Coordinate Conversion Equatione Required for Stabilization

The stabilization of an off-boresight aimsight, the optical
center (line of sight) of which is manually positioned in yaw and eleve-
tion relative to aircraft axes, presents a significantly more complex
function than that associated with more conventional, boresight-oriented,
HUD projectors. The optical axia of the latter unit is generally fixed
in {ts installation and alvays lies in the X-Z plane of the vehicle.
Thus, whereas relatively simple conrdinate ‘transformation relationships
exist for stabilizing a cymbol in fixed ptojgcto'h. the stabilization of
an off-borutght aimsight proiection noses a vhohly different situation
and a wore fomubh uthmttul probleu. N

In fac%, it is clesr from the transformation equations de-
rived in this ui_r.iy ﬂut effective qﬂ-borou;ht reticle stabilization
by means of computer soluticn would be impractical were it not for the
advent of efficient, small scale avionic digital cowputers. The only
known practice) technique previously dovised and first employed in
bomber aircrift duuu lbru War I1 was to piggydack wount the opttcal
sight onto a vertical gyro. This mechanization approach 1s rather
cusbersome, however, and reflects a brute-force solutiocn to the problen.
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This approach has a number of deficiencies when compared to a digital
computer implementation approach in the current state of the art; these
deficiencies include larger weight and size which adversely affect cock=
pit installation and operability of the unit. Verticality accuracy of *
the gyro mount design, unless extensively compensated for drift, is sig-
nificantly less than that provided by advanced AHRS, and will very likely
prove to be unacceptable under maneuver conditions. Relative cost is an
unknown factor requiring detailed analyses. However, preliminary indica-
tions are that the costs are comparable if it is assumed that the stabi-
lization functions are processed in an existing computer provided for
other purposes. Perhaps the most serious shortcoming of the gyro mount
approach is the unavoidable tendency of the operator to inadvertently
jerk the hand-held aiveight as a result of body motion caused by sudden
aircraft transients and maneuvers.

In clecting to pursue the computer solution approach, a
search of the literaturc failed to produce any previously developed co-
ordinate conversion cquations that relete attitude motion to appropriate
earth stabilization signals for the aim reticle. Accordingly, the de-

sired equations were derived (Appendix A) as part of this study. These
equations are believed to bo unique in their solution and application,

.siace no published evidence has been uncovered as to - thcir actual or pro- :

poscd 1nplolnn:ntxon in air and surface craft.

th- -equations dorived in Appendix A are prcdxeatcd on tha

- sampled data stedbilization loop dasign described in Subcention :xz.u,z.e. o

~ Five expresaions, vhich are ultimately yioldad. transform incremental
' 'att$tudo changes (n each of the three attcra!t axes to X-Y dioplacclcnts _
" of the aim veticle from the central Line-Of-Sight (LOS) axis of the opti~
T esl ot.ht. The processing of thono ‘compensating ot;nalu via a ca-putct _:‘,
| forms part of & minor feedback 1oop of :ho overall tracking system. tbol' :
Y aimsight axes noted above are fixcd and orthogonal to the optical
R mwxm. trmmuva of the weans upxam 0 tmuto and mmy

S

it asia




the aiming symbol (i.e., CRT or servoed reticle). The stabilization
formulae derived also assume an aimsight gimbal arrangement with agzimuth
rotation about the Z-axis of the vehicle and elevation rotation in a
plane which contains the selected azimuth and is perpendicular to the
X-Y lateral plane of the vehicle. The line-of-sight, of course, by vir-
tue of its cockpit installation, is assumed to be oriented within a
spherical sector centered about the longitudinal axis and ahead of the
aircraft. The equatiouns derived do not constrain the aize of the sector
although the visual cutoff angles of cockpit windows would establish
practical operational bounds.

The use of sampled, incremental changes or perturbations in
attitude for computing the stabilization iuata contrasts with the stedi-
lization functions employcd in fixed, boresight-oriented HUD vhere abso-
lute values of attitude are the relevant independent variables. The
latter holds because the aircraft boresight, about which coordinate
transforsations are made, is located within the display field. Hence,
vithia the boundaries of the display field of view, a cqnnnm systen

- exists in which nrth-oricnud'lyﬁoh are linearly related to the air-
- craft axes as a function of pitch, roll, relative bearing (uuthu

ntcrud eo as hudtn; omr) and ohvauoa an.lu

S The w-wu stabilization concopc nd umht&d qmttm A :
 advanced 1a ‘this section are not to be confused with mmr. vell under- - .
“tood: form of L0S stabilization which: teansforms the tvo 105 orfentation - . i
- anples from vehicle to stable varth. coordinates, This latter umau- B
- tiom funetion is also uu-mhd tor a nulbet of honcopnr tmuht
' _mnuuou (w: l). ‘

'lb ascartain ﬂu pmtiuuty of a wttt mutloa fcr

o u-wu nubututm. a mnduty programaing asalysis is mumd
o awnnumamm avicaic computer sodels vere used to

| estimste timk and memsry epace requiremsuts. The vesults indicate that

—_ﬁiiﬂmuﬂbf N‘ Mﬂ““ﬂlﬁiﬁh&ﬁﬁwtyﬁf
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current, high speed machines to perform in conjunctior with other pos-
sibly required functions such as symbol generation for a fixed HUD .
projector, kinematic targeting solutions, and simple fire control bal-
listics equations.

c. Operation, Loop Dynamics and Stability Considerations

The basic operation and loop dynamics of a unique, visual
acquisition and tracking sysies recommended for a number of helicopter
applications are described in this subsection. To assist in the under-
standing of an important new filter concept for improved stability of
the system, it is useful to first examine the three most common opers-
tional methods of utilizing a stadilized aim circle in airborne HUD,

(1) 1In a fixed, boresighted optical projector, wvhere
‘the aim sywbol is automatically and continuously
locked-on to a ground target from position data
‘derived either from ground guidance (e.g., ILS)

~ or from self-contained, o .~board systems (e.§.,

. vadar/inertial navigation or Doppler/kinumatic _'
o ungiu) In this case, the sysbol i» aubtuud
~ovar the ontire fmmcy muu ot ctutudo

- wotdon = ftu zero to saximum. :

'j(i) In a ﬂml, bomidtml opuul pmjcctor. vhere
" the aim sysbol is positicned by either fixed
elevation and auwth mlu in earth eoo:diuta
‘or in the cese of gun and rocket veapon dcusmy.
. by ealpuud qmuctu mnmm; an . twt- :
_ ‘point position on the ground. Ia this case, the
 pilot typiully controls the waliicle path to over-

lay the sysbol oato the grousd shject of tterest « -

 elther for fnstustancous scquisition or contfmuous
- tracking. um the hna»m W of Nhuw
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: aircraft-to-target angular position to attitude
o oscillations is virtually zero over the entire
range of sinusoidal frequencies, full attitude
compansation is required as in the case in Para-
graph c.(1).

(3) In a moveabls, off-boresight projector, the aim
syubol ia nominally positioned at che opttcal
center ard is correliated to thoe reel world oanly
through the sightiag action of the copilot. Im
this case, the copilot geﬁuiws and/or tracks
the target of interest independent of the pilot's
coutrol of vehicle path. Simce the copilot can~

- aot distinguish betwsen the affects of wahicle~
to-target relative sotion and vehicle attitude
changes on symbol 'pooinon.-oaiy the high fre-

quency. .components of attituie (above the Tesponse
cutoff of the human operator) can be nnd in uu-
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R mun a distortionless wixing of cosplementary signals. This comcept, .
0 vhich s cometimes referred to as “dual period filterisg" in muwm e
. F - contrel systems, 1is ntended to optimize the performasce and u&uuy '
i § - of the tracking loop. As concefved, the filtering would comsist of

SRR - sinple, Ligh-pass, lead netvoiks to vhich the thm atdm vnublal :
© vould be applied (Pigure 3-6). Vith the real world target as the refer- |

7 ekl the peimry loop comprises the hussa operstor and the afssighe it~
© o seMy-with the peeition of the retiele. syshol represesting the peimary - &
o feslback sigaal. A seéond fesdback loop provides the attitede stabiliza- : 3

" tiem femttien. Tt is easentially conprised of & Algital couputer m R

f . epsrates ou the flltered atcitude dota sad you/elevation sagular
I R Nticm of the emm mz » m«lm e Ai. &~ mme




TSR JA I S AT RE RTTAIRT g R T R T, n\dﬂa ST

AP IHAL, S 8 T

.o

wrsde10 Woo1d 33:&:- - eau-a:,zzu 32»3 5333
, ?«. wuanw.u :

2:¢890¢
WILSAS TOUINOD JWHd LTXIOWNND . | o
WILSAS NOILISINDDY LIOBVL , . LT 0us0d 10 D3eVLS
03 1NeLn0 T IS AL .

3

| | — ._.%..
| e

s.via

NOILVENZIANGDD
) ?m.ﬂt%o.u..
' 3 ‘
AV %V NOMYZIIZVIS-
Y.YD TELIDIO.




displacemant signals in accordance with the equations noted earlier in
this subsection. The computer cutput interfsce would typically include:
appropriate data registers, digitsl-to-analog convertera, and driving
servos for positioning the reticle. No sttempt was wuade in this study
to recomsend a spacific detailed deaign of the input/output cosputer
interface, since the optimum design depend:: on detaiied cost and perfor-
aaace analyses and oa loop stability considirations sffecting the vari-~
ocus block tramefar functions. For the output intecface, for ezample,
asuy Swplemantation forms are deemed possible, including the use of
divect, noun-lioear digical servoc. However, from preliiminery analyses,
‘4t 19 considered likeiy that the & linear serwe approach ooted in
Figure 3-6 will prove ¢o be the ilowes? cost approach most amsaasble to
_the vequirements for jitter-frea symbol motion and provisiocn ﬁr sharp
acuuntm at cuof? duenuul hur in this paragraph.

wontimuy. u-mn 1nhmuy: hed thenselvas to
close-1n monoculer viewing. A seall field of view 1s pereitted by vir-
tus of the teackiag nature of the operation. Por helicopter applics-
-uou. a 2-31&-4»&& mum vith tS-tlz degrees raoticls motion ia X, Y

19 rccommsnded &3 the best tradeoff satisfying such characterietics ..

| Yiewing distenca, atee comstiaints, and pesk: muaiou of Mgh fre-
- qubncy attitude &mu&m The atn eircle. ‘of course, {3 udud at )
 the field wxteendties o that it {s alvaye o viev. Additiomally, vhile
 the atwstght 18 designed for mmscular vieviug, the operato:'s other eye

48 os‘tm oG the mlmu enuid: of m optical ffeld and thtufm

could plck up the target 4f 4t were to mve beyoud the m field,

fv_auhsuymﬂc wich 8 latrge, tmdehnm ia amm hﬁnnu?
U ekdwet.  In sach sk event, &-mmmujutmmtmﬂ
m uww mmam mmmy tHald. -

- -' Mc& uwsm. the ﬁ)lﬂm‘i M at :n t!iﬁ u te
- ouetiay the uli seticle evex the targat, irrespective of the ﬁmﬂ
'miwﬁot o K‘ﬂiﬂi w the couul mmc wms Mm )
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wvith this action by the operator, the high pass filter in attenuating or
“washiag out" the low frequency components (including the average dc
value) of attitude aligns the reticle to the optical center axis under
steady-state conditions. The effect of b/ th thess actions is shown in
Figure 3-7. To assist in understanding the system, a siwplifying assump~
tion i{s made here that the vehicle-to-targat position orientation is
constant {e.g., vehicle is motionless or in & steady-state tura vith .he
target at the center of turm). Four display sequence of events (A, 3, C,
D) are shown where each display is properly oriented vertically with re-
spect to the real world target. In the original situation (Point-A),
steady-state tl_raek!ua conditions prevail where the pilot is caintaining
the aim circle on the target at the optical center of the field. At -
Point=B, » step fuuction transient in roll angle is assumed to occur S |
vhere the sighthead center is displaced with the vehicle and the aim
_zuticle automatically displacod from the optical boresight to remsin
onpriwd ob the targst. Point-C {a shore time later) depicts the
- .- simualtansous cftecu of the ktgb pass filter in slovly moving the aim
eivele back ‘toward the optical center and :hc mntor adjusting the at- N =
: '.1&: M&y downnard eo as. co ‘continue to ovorhy the ain ctrelo on R
" the target. At Poiat-D, the provess of Point-C is compieted - the aim o
- elrele, ep:ica\l buuluht and tacgst nu restored to the: oruhal ‘desired
— ,'_:-’endltiuofhint-&butuhrnmut of uady-ouu uutuu R

BRI ' nis aulltu ceateﬁng emlc ulmtuta. by nt-ph
e caem snalysts 1n the time domain, vhat o stadility analysts ia e |
o lmwmm& conclude; namely, that the lead umﬂu ethance =
©leep stability. Without the filter in the oxasple, the afm ctrcle after
. eing faitislly displssed vould have fustascescusly baen reposttiosed
. ) &mﬁeﬁlmmoﬁ the tsrget ustil the operator tupoah‘ u o
_'_;Mn&aum ‘bmtbhm@!’o’ruhﬁabl‘mww 3
S '.Wm, Wi‘u’ the case of s very lov frequency atcitude oscilla~
mw u-y occer with & watural ghuau wcm cectlietios
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at typically 0.1 radian per second iu a STOL aircraft. 1Im this case, the
pitch signal is highly attenuated resulting in negligible automatic com-
pensstion. The operator manually tracks this oscillation himself since
its frequency is well within his response ability. ‘

There are two basic modes of stabilized aimsight operation
involving different data outputting requirements. The first comprises
continuous tracking for f;re control of gun turrets, where the turret is
esgentially slaved to the aim reticle. In this mode, the aim reticle
position data, which is transmitted to the gun turret servos via a lead
computer, is oriented in aircraft axes. Hence, no further conversion
processing is required. The second mode involves discrete 6; continuous
acquisition for target and owm-aircraft orientation purposes. In this
‘cage, the aim reticle position is first converted from aircraft-to-earth-
stable coordinates before application to the computer. In both cases,
the reticle position is represented by the algebraic sum of thé angular
positions of the aimsight center axis and the AX, AY displacements of
the reticle from this axis. |

No effort was made in this study to conduct a rigorous sta-
bility aralysis of thils non-linear tracking system. Such an analysis,
of course, is required to establish the dynamic design of the system
including the specific digital compensation, if any, to be incorporated
in the computer. However, the following system parameters were briefly .
considered as a useful prelude to any final system design and stability
analysis effort. »

e Attitude High Pass Filter - The design of this filter
is essentially dependent on the transfer function
establighed for the operator. The human transfer
function includes a reaction time delay (traunsport .
_las), dynamic compensation cl.aracteristics, and neuro-
muscular lag (Reference 2). The gains and tiue con-
stants to be established for each of these functions
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depends on the specific tracking operation involved.
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Of specific interest in the lead network design is-
the break frequency at unity amplitude ratio and the
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attenuation versus frequency slope (or slopes if a

second, lower break frequenéy is incorporated).
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Based on the simplifying assumption that an operator
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can track a 1/3-Hz sinusoid with acceptable phase lag,
it would appear that the upper break freaquency of the
network does not exceed 2 radians per second,'with 1.5

. radiangs per second considered to be a reasonable value.
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e Helicopter Natural frequenciee\-'An important gystem
design parameter is the frequency bandpass of attitude _
information to be processed. This relates directly to

the short-period, natural frequencies of the aircraft.

FOEBAEES

and - the associated attenuation characteristics in three

A,

r<

il

frequency regions.' Fo:fixample. the short-period,

natural frequencies and damping factors for an H-3

)

helicopter equipped with a Sperry Hover Augmentation

,,,
A2 e

ot

A SRR RS
-

A System (HAS) are approximately as follows:

Pitch - @ 2 3.5 rad/sec, { & 0.6

Roll - W = 5,0 rad/sec, { = 0.5

b

Yaw - @ 4.5 rad/sec (vith hesding hold), § & 0.5

Each dynamic element of the attitude compensation loop
must ‘be designed to preserve the fidelity of all rele-
vant attitude frquencies. For the H-3 exaﬁple ciﬁed
above, the range of frequencies td be passed is esti-
mated to be from-0 to 5.0 radians per second for pitch,
and 0 to 6.5 radians per_ second. for roll and yaw.

~
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e Processor Sampling Rate - In establishing sampling

rates for non-linear systems containing digital
computers, tradeoffs are usually conducted between
system aécuracyistability performance and computer
_cost/time. Since sampling rates of 10 times the
maximum signal frequency of interest are commonly

vsed, this ratio was selected for use in the com-

AR AE

- puter programming analyses of Appendix D, yielding
a sampling frequency of

6.5 radians/second X Eil¥§§§§§§ X 10 = 10 samples/secénd

e Low ?aas Output - Experience in digital loop'design
indicates a need for a low pass function. at the com-
‘futer output - either independent or part of the
vositioning servos. For the example noted in the

3 . praceding paragraph, the response break should occur

at about ﬁwice the 6.5-radians-per~second signal

frequency or about 2.0 Hz. Ideally, the attehuaf}on
élope should be quite sharp - at least =40 decibels
per decade. Tﬁis low pass cutoff enhances‘system
stability by filtering signal noise and smoothing

= the ripple frequency of the ouipptted data caused by

data sampling. |

. H. KINEMATIC TARGETING LECHNIQUES .

1. Discussion of Concept and Reguirémenta

It is clear from the tabulations presented in Tables 3-1 and 3-2 -
that the avionic complements of operational hellicopters are relatively
‘limited when compared to advanced, fixed-wing tactical aircraft, In par-
ticular, range sensors are notably absent in all helicopters. Although
the lack of radar and laser range sensors is understandable iuf;erma of

!
i
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. ‘ ‘ ,ﬁhg_ir high cost and weight, it nevertheless has limited the effectiveness
of certain helicopter missions. This limitation assumes the following

basic forms.

¢ Deficlency in the accuracy of the predicted impact point
in ‘gun and rocket fire control because of estimated nature
of slant range data. Flight tests conducted by the Army
-in helicopter air-to-ground range estimation confirmed the
severity of the problem (Reference 1).

o-Iﬁability of the helicopter system to acquire and continu-
ously orient the vehicle to a ground target* in three
dimensions.

In pursuing this HUD study, several low cost optical sighting techniques
were considered as possible solutions to the range measurement problem.
Stadiometic ranging is one such\well known method, but was judged to be
impractical'for helicopter operations because target sizes are generally
unknown in preflight planning. Optical range finders constitute another
technique§ however, these range finders are difficult to install and
provide onl} Yimited ﬁtility. They are not only constrained in direc~

tivity, but assuming a boresight~oriented installation, cannot be effec~
tively used when the vehicle is headed gtraight in toward a target at a

high closing range rate.

The mogt practical method conceived for deriving target range
and orientation data uses an optical HUD projector(s) as part of what
are termed "kinematic targeting" systems. Kinematic targeting is not an
‘altogether unfamiliar concept. .Havingmbeen applied before in military
aircraft. However, somebof the 'systems and operational techniques ad-
vanced in subsequent paragraphs are believed to be of a novel nature,

#The term "target" as used herein denotes any ground object of
intereat, including eunemy :argets.
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made possible by the capabilities of modern digital computers. These
gystems involve the use of the acquisition and designation criteria dis-~
cussed in Subsection III.C.

Bagically, these systems use triangulation methods to infcially
derive and store the desired range and/or orientation data at some
point in flight. This is immediately followed by a continuous updating
of the derived variables as the aircraft proceeds in its flight. Either
the target or own-aircraft may be oriented in absolute earth coordinates
given the position of the other. Alternately, relative orientation may
be derived in terms of range/bearing/altitude. The system operates on
two-axis, LOS angle data, ground referenced flight velocity data, and
altitude stabilization data to effect a computer solution of one or more
triangles. A HUD optical projector (either fixed or moveable aimsight
type) is used to obtain the LOS angle data through visual acquisition of
the target. Velocity data is required to derive the distance traversed
after each point of acquisition. Doppler radars represent the most

‘practical source for this data because of their extensive application in

helicopter navigation and flight control systems. Three-axis attitude
data, required for coordinate transformation and aim circle stabilization
purposes, is most practically supplied by an AHRS of reasonably high per=-
formance (i.e., 1/2 degree, 2-sigma verticality accuracy under dynamic
maneuver conditions).

Although no operational helicopter currently contains equipment
providing such performance (including the ASN-50, ASN-73 AHRS incorporated
in Self-Contained Navigation System - SCNS), the retrofit of an AHRS of
advanced design as a substitute to the presently ingtalled AHRS or separate
VG/DG's does not appear to be too costly. Several companies are known to
be developing a next-generation, two-gyro AHRS characterized by high per-
formance and low cost. The last element required in the kinematic target-
ing systems is a amall-scale, digital computer to execute solutions of the
aim circle stabilization, coordinate transformation and triangle geometry
equations. Such a computer can be implemented elther saeparately or as an
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integral part of the HUD processor. The feasibility of the latter inte-
grated approach, which has been confirmed by the programming analyses of

Appendix D, is accordingly recommended because of its minimum cost
advantage.

A kinematic targeting system, as roughly outlined in the pre-
ceding paragraphs, compares quite favorably in cost to systems employing
narrow-beam radar ahd lasers for direct range sensing. This assumes,
however, the prior existence of a Doppler radar in the vehicle to be
equipped with the kinematic targeting system. The opitcal sighting unit

" and a high performance AHRS element have no impact on relative cost,

since they are required in both ranging systems. This leaves, for com-
parison, the cost of a radar and lasér gensor against that of the addi-
tional memory and other hardware required in the HUD processor to
implement a kinematic ranging solution. Indications are strong that the
latter approach is appreciably cheaper; however, this lower cost must
ultimately be traded off against the superior performance and operability
of a direct sensing ranger.

A rigorous accuracy analysis was not attempted in this study on
any of the kinematic targeting systems conceived. Such a task was deemed
too formidable because of the multitude of differeant sensors (and asso-
ciated accuracies) that exist among the various helicopters considered,
Furthermore, any meaningful accuracy analysis must reflect equipment
accuracies achieved under actual flight conditions, and not nscessarily
the specified values. In addition, since the precision of visual acqui-
sition has a significant impact on overall accuracy, simulation testing
using the stabilized aimsight concept deacribed in Subsection II1.C is
deened to be a necessary first step in obtaining this accuracy data.
However, a cursory error analysis was conducted for two hypothesized
flight conditions in which all error contributions were conservatively
established. As indicated by the rcsults, acceptable accuracy parfor-
sance can be realised, which on a statistical basis would far exceed

3-32




that afforded by simple estimation. In addition, what was intuitively
obvious (i.e., that the accuracy of attitude and heading data supplied
by the AHRS is far more critical thar any errors incnrred.in Doppler-
generated ground velocity) was confirmed.

Five basic kinematic targeting techniques, each of which is
appropriately recommended for various operational flight modes and tac-
tical situations, are described in Subsections III.H.3 and III.H.7.
Thease techniques involve the mandatory or optional use of a stabilized
aimsight device described in Subsection 1II.G. This implies the exis-
tence of short time periods during which the aimsight stabilization
equations of Appendix A would undergo continuous computer solution (as
in the case of gun turret firing on a continuously tracked target), con=-
current with the solution of the kinematic target ranging and orienta-
tion equations. The targeting schemes presented in Subsections III.H.3,
II1.H.6 and II1.H.7 enable the optional use of a conventional, fixed HUD
projector on which a suitable aim circle {s displayed for acquisition
purposes. In this case, earth stabilizacion of the aim circle veflects
attitude-dependent functions that have been extensively applied in past
HUD designs and are much simpler than those associated with off-boresight,
aimsight stabilization.

All the kinematic targeting systems ind equations conceived,

~which involve the use of the moveuble aimsight, arc applicable to aided-

visual sensor operations under night/IFR conditions, as well as under
day/VIFR conditions. This application cun be accomplished by displaying
the IR/LLLTV pictorial video on the aimsight to cnable the desired tar-
get detection and acquisition. This coucept is discussed more fully in
Appendix E. The only requirement for achieving a common set of system
equations and compatible operation between visual and aided-visual modes
is that the video scan presentations be unstabilized, i.e., the video
sensor LOS bs slaved to the aimsight central optical axis s6 that the

-3




projected video image is properly superimposed onto the real world in a
one-to-one relationship.

2. Application im Helicopter Operations

The need for an acquisition system that enables ground target
and own-aircraft orientation has been established for the following heli-
copter operations. Some of these operations are current; whereas, others
are proposed for future introduction in helicopter systems.

o Target Orientation (Relstive to coatinuously updated
aircraft position)

Alr-to-ground fire control
Remote area landing

Dowmed airman rescue
Runter/killer

Special stores drop
Air-to=-ground bomb delivery.

o Own-Atrcraft Orientation

Enroute navigation
Paradrop
Mine swecping

Pive dasic end purpcses arec mdciued vith the target m«m- '
aircraft orfentation functions to be applied in these helicopter h
operations. ' I N '

e Acquisition and retention of targets suscsptible to -
loss of visual contact _ '

o Deaignation of acquired terget to other sircraft

) Weu!tm;nmc position update
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® Derivation of target range and altitude for fire
control ballistics computation

e Derivation of optimal, two-axis asteering guidance
to target for presentation to pilot.

The ability to execute these functions either improves the reli-
ability of the associated operation, or extends the present capability
of the helicopter system. As an example supporting this conclusion,
consider the first objective listed above relating the possible loss of
visual contact of a target. The importance of this prodblem, and the
ueed for a solution, is best exemplified by some of the tactical situa-
tions experienced in Vietnam. Often, target detection characteristics
are such that the ability to immediately acquire and store a target cam
often spell the difference between success or failure of an operation.
Such marginal visual targets fall into two gensral classes:

o Targets vhich are of a momsentary or discontinuous
visual nature as may be caused by

Flashing lights

Ocelusion of target by rough or denss tarrain
festures ac different points in flight (e.5.,
 personnel and small clearings) ' '

Small -bMu of enemy targets in dense ter~
~ Tatn o ucﬁ;n chteetlon m«uent to initial
subtim

Mixed LFR/VER (flight fato mrmc eloud or
“tog fomttm)

po—




‘ e Targets that remain available usually, but are
difficult to discriminate contiunuously (hence sus-
_ ceptible to detection loss after initial sighting)
P because of
Small size (e.g., dowmed aivman on land or ses)

Low ambient illumination (e.g., VFR at dusk or
night)

¥ Poor target contrast relative to terrain or water
background

' Most of these adverase target conditions rclate to day/VIR operations in

13 vhich targets are detected by divect visual means. Only the mixed

IFR/VIR and the lov illumination conditions are amenable to improved o
target detection capability vith IR/LLLIV aided-visual weans.

3. Offset, Tvo-Axis, Single-Plane A:p:im glnucn (Discrate
Acquisicion lhr. )

Oae effective method of kinematic ranging or full targsting
1ovolves two discrate visual acquisitions while the aircraft is flowm
touard the target along & straight ground track passing through the
= 'ura't. This approach is recomsended for situations whers:

" o Terrain is sufficlently rough to praciuds the use uf
: dmguy sensed absol.uu altituie above the muu

" Target locatica is ptnd&;nmtm or clearly cbesrvable
 at & distance allowing pilot to plan and execute an
tmeediste straight-in approsch toward the zarget,

‘thareby minimizing exposure time to esesy fire..
. @ Piiot s linited to this techaique, involvieg the use
 of o fleed-BUD projector, beczuss sn off-Soresight n-‘
l&;ht is m to copliot Cor offset umtiua
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By conttolling the atrcraft on a'atraightlm course through the
target between visual sightings, the principal condition is satisfied for
the solution of an oblique triangle located in a vertical plane perpen-
dicular to the earth's local horizontal. Tha geometry of this kinematic
problem is shown in Figure 3-8. This twc-axis solution represents a
special case of the genaral off-boresight, three-axis solution described
in Subsection Il1l1.K.4, and, as such, comprisss a sispler set of calcula-
tions. The equations to be solved are derived in Appendix 3. Prelim-
inary p:bgra—m analyses relating to computer implemsntation of these
equations are contained in Appendix D.

 Visual acquisition of target (T) is made at Positions ! and 2 4n
the aircraft trajectory by means of & stabilized projected aim circle
(Pigure 3-8). With each “pickling", the depression angles (t‘. .,) and
mou:rte nnmd. (hb‘. z) are sampled and storad. In addition, time
-utuuuon of Mplor-dnivcd ground spesd is initiated at Position !
yielding the distance mm:-ﬁ ® ) at Position 2. nurlng flight be-
twveen Poritions 3V and 2, the yuat l\u the fraedon to establish any
, vuncn path profile bhe desires. m only vertical path variable :t-

) feeuu the oolur.m il any tuultm ‘change in altitude (Ah)

, um.uy u;on exscution of the mnﬂ uquuition. ohnt vange
sy end target altitude (Wi} from Position 2 to the target are derived
via the cnce-only wlution of :ttmh i‘!. 2 ‘r). Subcamt updau pro~

cussing to be ﬂrfemd a the utcnft conlnees its tlight m on
" the tasticsi operation hwlwd and the wxm dau required. in the
 case of gun and rocket five coutrol, suly target’ nutm wr) or slant
range (RS ) associated with prerent wnuoa (mnm 3 in Pigure 3-8)
48 l’ﬂuﬁl‘“ for ballistic pradiction. The sircrafe ttsjuuﬁ after ac-
quisition bae w0 ‘conbtraiots in its verticsl profile, but mmuy is
assuned to adbare to the previously establinhed mawsum coutse to

. the target. Howkver, other operatichs such & sastch and rescus way te-
. quire full thres-dimensionsl target ocientation to ecable sdditiossl |
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1 rosmion 1 - POINT OF FIRST VISUAL ACQUISITION

E  POSITION 2 - POINT OF SECOND VISUAL ACQUISITION
. _'_Posmolv 3 - AIRCRAFT PRESENT msmon
B POSITION T - TARGET LOCATION

1 CONPUTED VARIABLES (REFER TO APPENDIX B FOR |
o DER! VATION) |

0 AL TlTUDE ABOVE TARGET lh‘x}

e suwr RANGE 7‘0 TARGET m,,) O e

Figare 3-8 '
dﬁut. Tuo-Anis Kinsmitic Targeting Gcaum
' (buentc mmltm Nathod)
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‘drift of 3 degrees vosults in a vather small 0.2-percent error {n com-
‘puted slant range. Such lateral path performance over relatively short
" distances is deemed to be vithin the abilities of experienced helicopter

 luetty wector o avimn, suttably stabilieed in besding.
‘ously perfora the scquiefticn «nd flight coatro) funceions is described

n Subsection IV.H. A fully sarth stadbilized aim circle is recomsended
o ease the scqulsition amd coutrol taaks, not ouly duriay atticude

go-around maneuvering before completion of the flight operation. This
orientation can be cxpressed in any one of several possible horizontal

'coordinate systems such as polar (range, bearing), Cartesian (Aray grid),

r geographic (latitude, longitude). The vertical dimension in all cases
would be represented by absolute altitude. Equatious defining this
three~diaensional orientation for subsequent off-course maneuvering are
presented in Appendix B as part uf the general, three-axis kinematic tar-
geting technique described in Subsection III.H.A.

A rigorous accuracy analysis uas not attempted in this study on
azy of the kinematic targeting designs conceived. A limited analysis,
hovever, vas made on one error effect associated vith the two-axis solu-
tion approach but not facurred in the general three-axis solution de~
scribed in Subsection 1II.H.4. This error relates to the constraint
imposed by the solution for comstant courss flight betwesn the two visual

- acquisitions. The analysis indicates that for must practical altftude
_and range approach conditions, accuracy of ths computed targst altitude

and xange is largely iwparvious to expected lateral positional devia-
tions from the required straightline ground track. Por example, for one
veasonable sat of acquisition geometry conditions eximiond, a deviation

pliots to achieve with vigual trackiag contra! of the tumm w-

An apuul display design that enables the puoe o simultave-

teanciants, but in flight conditions whare a itiﬂbﬁ toll ateicude bias
is exincained during steaight-ahesd Flight and M suall, banked m
mmuwmuntonmﬁsmnmmuumumt. ’

338

T N N AR S S R RS it Lo

R ke T A SR s,
. ‘»._‘_5‘ T A




N

SR

" 4. Offset, Three~Axis Two-Plane Targeting Solution
inscrete Acguisition Methog) ’

The most versatile technique conceived for kinematic targeting,
free of any impositions on operaticnal techniques and tactical con-
ditions, uses two discrete off-boresight visual acquisitions of the

ground target. The geomet{ic relationship of this approach involves the

solution of two orthogonal triangles oriemted in the three earth

coordinates.

Whereas the two-axis kinematic solution described in Subsection
IITI.H.3 uses a fixed, on-boresight projector, the three-axis solution
necessi;atés the use of an aimsight. Two basic orientation modes of

interest are associated with three-axis kinematic solutions; namely,

o Own-aircraft orientation ﬁhere the sénsed aircraft
position is updated from known coordinates of the

memory point.

RS

e Target orientation where the absolute coordinates

oo
AR

of a target are computed from a known position of -

the own-aircraft. BN o !

As a correlated extension of target orientation, relative coordinates in
terms of range, bearing and altitude above the target may be continuously

computed either directly from, or independent of, absolute target coordi-
$

nates. The equations defining thése three orientation modes are derived in
Appendtx«Bt Preliminary programmiﬁg analyses relating to computer imple-
mentation of these equations are containad in Appendix D.

A simple representation of the flight geometry is shown in Figure
3-9. Visual acquisitions are made at Pointsf::> and <:> from which earth~
oriented depression and relative bearing angles are derived. In addi-
tion, the horizontal distance (D) between Points <:> and (:) is derived
from Doppler-genera;ed ground speed data.. Generally speaking, there is
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Offset, Three-Axis Kinematic Targeting Geometry
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no restriction in either the horizontal and vertical flight paths between
the two acquisition points, although as a practical matter a straightline
course is likely to be followed. Immediately upon execution of the

second acquisition, horizontal range (RZ)’ bearing (Vo,), and altitude
) are coamputed from triangles <f>

above target (h‘I‘2 @)and @,
@, @ )and gtored. From this data, one of the following is subse-

quently performed:

e Aircraft latitude (A ) and longitude (L ) at
Point (:) are computed and the on~board navigation
system updated.

e Target latitude (RT), longitude (LT), and eleva~-
tion above standard sea level (hTSL) are computed

and stored.

N

e Range, bearing and altitude above target are con-
tinuously computed as the aircraft continues its
£light. '

5. Offset, Three-Axis, Two-Plane Solution (Continuous Tracking .
Angular Rate Sensing Method)

Another, more communly known method of kinematic targeting uses
angular rate sensing of the optical LOS in bearing to derive the desired
orientation data. A continuous computer solution is effected providing
instantaneous range, bearing and altitude to the target during the flight
period in which the operator is tracking the target. This technique
yields relative coordinate data, as its use is generally intended. The
data could be sampled at some appropriate point for use in calcdlating
either target or own-aircraft position in absolute earth coordinates.
However, the discrete acquisition method of Subsection III.H.4 is pre-

ferred for this purpose because it is more accurate.
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The principal ‘application of angular rate targeting is.in of f-
boresight, gun-turret, fire control for immediate suppressive fire
support where the tactical situation does not permit the time-consuming,
two-discrete acquisition technique. The geometry and equations of the
kinematic solution are shown in Figure 3-10. To achieve a reasonaple
degree of accuracy, both the flight velocity and bearing angle:raté ‘
must be of suffiziently high magnitudes. An accuracy analysiatdefining
such reasonable thtesholds;is requireu; hence, the extent uf the opera-

tional constraints imposed is undetermined.

The elements of the system are the same as that required for the
systems described in Subsections III.H.3 and III.H.4; namely; a étabi-
lized aimsight, Doppler radar for sensing ground velocify vector, AHRS
and a digital computer. The stabilized aimsight 1is as deacribéd in Sub-
gection III1.G with the agsociated processing equations given 1ufﬂppendix
A. Relative bearing (WOR) and elevation angle (90) referenced-}n stable
earth coordinates are computed in accordance with the equations derived
in Appendix B, paragraph 1.c. Range is solved in accordance with the
V-equals-RW relationship governing angular motion of a radial line.
Ground speed (V )} is resolved to obtain the normal tangentigl velucity
(V ). where the effects of high fr- nency heading motion on the (wbR_B)

term are cancelled. Angular veloc. (w ) is derived by the sampling

process within the computer. Actually, ::ly the low frequency compo~-
nents of the sampled ¢bk variable are used in the rate derivation. This
is enabled by virtue of ;he aimsight stabilization function that washes
out the high frequency comporents of attitude motion including that of

heading. The radius vector, or ground range (Rg), is then computed

followed by slant range (Rs) or altitude (hT) solutions in accordance k}

with the equations preseanted in Figure 3-10.

Computer programming analyses covering the aforeméutiqned pro-
cessing are presented in Appendix D. Time and memory space estimates
are presented for several computer models: all estimates are based on a
S~-second computation rate,
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6. Target Overflight Method of Partisl Orientation (Ramging)

A method exists for obtaining contiauous slant range to a land
target in which an overflight procedure is performed just prior to the
planned terainal maneuvers about the target. This method represents a
low cost alternate to the offset discrete acquisition techniques of
kinematic targeting (Subsections ITI.H.3 and III.H.4) which involve a
relatively complex set of arithmetic processing functions. Prinafy use

of the target overflight technique of ranging is conceived for visual

gun and rocket fire control, where a Doppler radar and/or digital com-
puter are assumed to be unavailable to execute the more sophisticated

offset targeting solutions.

The operational procedure and associated geometry are shown in
Figure 3-11, The helicopter is first flown over the observed target at
any desired course. At the ingtant the vehicle passes directly over the
target, the pilot "pickles" the sensed valves of both radar (hTt) and
pressure altitude (hb1) data. The difference between these quantities
yields the pressure altitude (hTSL) of the target above standard sea
level. As the helicopter is maneuvered into a boresight, dive-attack
configuration, altitude above the target (th) 18 continuously derived
from the vehicle, which for the purpose of gun and rocket trajectory
solution against clearly visible targets is sufficient. (Full, three-
axis target orientation is required for the marginal target discrimina-
tion conditions outlined in Subsection III.H.2.,) Slant range is easily
derived from the th altitude data through use of a projected, stabi-
lized, aim-circle display. In the case of a fixed optical projector,
the derivation involves a bootstrap control loop design in which the
targat depression angle (e) is continuously sensed as the pilot maintains
the lead-driven aim circle on the target. This angle (e), together with
altitude (th). enables & relatively simple solution (e.g., divide servo)
of a right triangle to obtain slant range (nsx). Where a moveable, op-
tical aimsight is used in off-boresight firing, the same right triangle
solution is executed. This system, however, is not of a bootstrap type

3-h2-a
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in that the position of the aim reticle is independent of the computed,
range~dependent, lead angles. The availability of a moveable aimsight
in this case presupposes that computer hardware is also provided to per-
fors the necessary aircraft~to-stable-earth coordinate conversion func-
tion (and attitude stabilization to a much lesser degree of importance).

Target overflight can.iéf course, be used in any one of several
helicopter missions (e.g., close support attack, observation, SAR, etc)
to fully orient a target in three coordinates, given a self-contained
navigation system on-board the vehicle. No optical display(s) is re-
quired for this purpose. Similarly, overflight of a checkpoint can be
used to update the own-aircraft coordinates.

Such simplified orientation systems (partial or full) suffer,
however, from a number of operational disadvantages when compared to
offset targeting in that the following conditions wust be met:

¢ Adequate time exists to execute overflight
o Tactical situation safety permits overflight
o Terrain immediately around target is relatively flat

As a practical matter, it is not anticipated that the Navy would estab-
lish target overflights as a standard primary procedure for any of the
mnissions covered in this study. Rather, overflight mansuvers are viewed
only as an option to the pilot to be undertaken during safe situations
of opportunity and under good visibility conditions. Additionally, they
could be established as a backup mode of target orientation, to be used
in the event of certain equipment failures (e.g., Doppler radar) in a
primary offset targeting system, if such were provided.

One axception to these limitations envisioned is during radio
homing flight in remote areas (e.g., Medivac, SAR) under limited night
visibility conditions. The helicopter can be expected to pass over
the portable omni-transmitter before a positive visual contact and




identification is made.  If the crossover were ta occur at a sufficiently
low altitude to minimize the size of the vertical cone of confusion, then
the pilot could "pickle" altitude and navigation coordinate data during
the to-from needle swing so as to provide a reasonable approximation of
the radio position. This position would be stored and subsequently des-
ignated on a forward-looking headup and/or panel mounted-display to lo-
calize the pilot's attention during the next pass and thereby assist in
the visual or aided-visual acquisition.

7. Partial ggangiugzzrull Orientation Over Water

The level nature of water (and flat desert terrain) enables a
wore simplified get of kinematic targeting procedures than those estab~
lished earlier in this section for flight over land. The techniques
described in the following paragraphs are based on the use of radar-
sensed altitude to provide a continuous measure of altitude relative to
the target. This, of course, assumes both the availability of a radar
altimeter and conditions of adequate signal return providing rsasonably
good precision: Othervise, the kinematic targeting methods of Subsections
III.H.3, 1II.H.4 and III.H.5 would best apply.

Whare only slant range to a target is required (i.e., partial
target orientation) such as in gun and rocket fire control, the mathe-
matical solution is identical to that described in Subsection III.R.6
for the target overflight method except that the overflight procedurs is
not required. This applies to both borssight and off-boresight weapon
delivery. This method of ranging (involving continuous display acquisi-
tion) is not only operaticnally superior to multiple discrete acquisition
uathods, but would prodbably yield more accurate results. It is thersfore
vecommended for visual fire control where conditions do not dictate the
retention of target poaition, even if a primary offset kinematic target-
ing system centered about a Doppler radar wers availasble.
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Where full target orientation in three-coordinates is required
because of adverse target detection conditions, only a single, discrete
visual acquigsition is required to initially orient the target. Either a
fixed or moveable projector can be used for this acquisition, which pro-
vides elevation and bearing to the target. Ground range is obtained
through the solution of a right triangle located in the earth's vertical
plane, where the vertical leg is represented by radar altitude sampled
at the instant of acquizition. Subsequent updating of relative aircraft-
to~target position is performed in accordance with any one of the mathods
and associated equations presented in Subsections III.H.3 and III1.R.4.

By way of contrast with overland operations, it is only in this terminal
continuous update phase of the kirematic targeting process that a Doppler
rvadar, or other suitable flight velocity sensor, is required.

[y




SECTION IV

OPERATIONAL ANALYSIS AND DISPLAY SYNTHESIS

The recommended HUD designs for each of the established mission i
phases or modes (in terms of information content, symbol format and i
data processing requirements) are presented in this section. In con- '
Junction with each display design, a discussion of the current cpera-
tional procedurus and problems associated with each flight mode is
presented. A matrix-tabulatcd gummary of the HUD symbols selected for
each mission phase is presented in Figure 4-1. |

A. BASIC FLIGHT

The basic ﬂidh: regime in a helicopter involves moderate pitch
attitudes, within 210 degress, and moderate flight path angles. The
flight maneuvers involved are climbs, descents, turns and, predoni-

- pantly, level flight with a fixed ground track. Airspead must be con- 7-

trolled at all cius Enroute navigation is « primary funcuoa in

‘basic flight involving couhinnuons of the nancuvers mud.

The HUD is useful in basic flight under visual eondi_tiom. both

day and night, and under luttucl_a: conditions. The means for accom- , o
_ plishing £1light control tasks are the smse under these diverse condie Lo

tions wvhan the HUD is mvalwd, -and simiumuu. mnbu reference
to ths mmy and the utcrul vum world can be tuuud
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A comprehensive HUD coufiguration, made possible through the use of
electronically generated imagery on a CRT, which ia chen collimated, is
shown in Pigure 4-2, Attitude is prezented by the orientation of the
horizon line, which {s a horizontal reference line that represents the
trace of a plane n.cmal to the vertical at tha present aivcraft altitude.
It is space stabilized in pitch and roll to maintain its horizontal
orientation at zerc elavation angle. Amuiliary pitch lines provide sur-~
vogate horizontal references should the horizon line leave the field of
view of the HUD. The heading in’ax on the horizon line represeats a
reference heading in the proper visual relationship with the actual
heading of the aivcrait. When the nose of tha aircraft moves 1 degree
to the left, the heading index movas 1 degree to the right. Auxiliary
heading indices are also positioned on eacl of the pitch lines.

The horizon line and heading index reprosent an external visual
‘reference to the 2ilot from vhich he can obtair pitch, roll and heading
information as in visual flight. These images continucusly overlay their
counterparcs in the real world, such aa the true horison and & visual .
“heading reference near the horizon it this exists, The imuges ave par- S E
_ceptually associated with the real world, by virtue of collisstion and B
space snbniutlou. The bonnuht image (cross) indicates the exuu-
sion of the wrutsht uu of the alrcraft to its Intercept on a refer-
ence spbere in splu. The direction of the velseity weetor of the
sircraft in space is indleatd by - he fligne path suthi. in the foem
of a minfature airplane. If the direction of tiiﬁht wre to resain con-
stant, the aireraft would strike the ground at m poine indicated by the
center of the path warker image. The atreraft iu descending in Flaure
4=2 because the path marker ia helow the torieen line. The angular sepi«
_tatios between the smh sarker aid the mmu uu u & divect visual |
veadout of lhl nubt puth suple.
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The altitude scale on the right side of the display provides the
pilot with a readout of his radar or barometric altitude. This scale is
read againgt the V-index, which is to the right of the boresight marker.
Airgpeed is presented in a numerical readout oriented to the left of the
boresight marker opposite the altitude index. This display ie suitable
for both vertical and running takeeff, and climb-cut, as well as for en~

route maneuvers. -

A similar display for basic flight, generated by electrc-echanically
driven reticles for HUD images (Figure 5-3, System “B") in lieu of am
electronic CRT, is presented in Figure 4-3. This system provides more
freedom in generating symbol shapes and alphanumerics, but is limited by
the kinematice of the reticles and the multiple optical channels required.
A configuration for aminimal electromechanical system for basic flight
(Figure 5-3, System "A") is shown ‘v Figure 4~4., This simplified system
lacks a path wmarker cnd an altitu.. .cale, but includes a settable devi~-
ation bar slaved to .he horizon line. The deviation image therefore
maintaing fixed elevation and depression angles with respect to the
horizon. ' ' )

B. APPROACH AND LANDING

Approach and landing operations with a helicopter are varied because
of the extraocdinary flexibility of the vehicle with regard to the range
of flight path angles and speeds that can be achieved. Field landings
Ay be made on prepared runways or landing pads, as well as in cleared
remote areas. Visual approaches may be made during daylight and at
night; instrument approaches may be performed if suitable terminal guid-
ance is available. Conventional running landings may be made with touch-
down and roll-out, or the helicopter may transition from an approach to a
hover over the landing area, followed by a letdown to final contact with
the ground. Approaches are normslly made into the wind, and the tranui-
tion to a hover makes this possible on any ruwmway, regardless of the
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direction of the wind relative to the runway, i.e., crosswind condi-

“tion. Vertical landings in cleared areas surrounded by obstructions

such as tall trees present special situations which can be handled

only by a helicopter or VIOL aircraft. Landings to secured sites sur-
rounded by hostile approach zones often dictate the approach patterns

to be followed to minimize exposure to ground fire. ,Helicopters'are
also required to land on moving aircraft carriers or platforms on other

types of ships.

R A ST

Visual approach and landings are by far the most frequent. Refer- .

LR

ring to Figure 4-5, the helicopter enters the final approach gate into
the wind at Point @ from an initial approach pattern determined by

- navigational and tactical considerations. There is a straightline de-
scent between Points @ and @ accompanied by a steady reduction in
airspeed. At Point @, the helicopter flares to a level flight path
during which the speed is reduced further until a hover is established
over the landing area at Point @ This is followed by a letdown to
contact at Point @.' Ranges of ailrspeed, altitudes and flight path

" angles associated with these maneuvers are shown in Figure 4-5.

RIS RSN S T B rions

e T

The application of a complete HUD system based oau a CRT image gener- §
ator leads to the configuration shown in Figure 4—6._ The horizon line, ‘ ;
auxiliary pitch reference lines, flight path marker, and airspeed and :
‘altitude readouts serve the same functions as in basic flight. The de-
viation bar is space stabilized with respect to the horizon line at a
depression angle eﬁual to the desired approach angle. The angular disg-
placement of a deviation bar from the aimpoint or the landing site is
therefore the angular deviation of the position of the aircraft from the
desired approach path (Reference 10). The deviation bar, therefore, pro-
vides an optical guidance system with high precision and good resolution
for final approach. If the angular subtense of the circular delineation
of the landing area is made equal to the width of the deviation bar when
the aircraft is at the flare position, the pilot has & direct readout of
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time to initiate the flare. This technique obviates dependence on the
altitude readout for orientation for flare. The reduction of ground
speed to zero at the hover point must be accomplished visually by refer-

ence to the ground.

The HUD provides the means for visually coupling the aircraft to the
strajight descent path between Points (:) and (:) in Figure 4~5. The
coupling is visual because it requires reference to the aimpoint on the
ground. When the deviation bar is above the aimpoint, indicating that
the helicopter is high, the pilot must position the flight path marker
below the aimpoint, i.e., undershoot, to erase the error in position.

The amount of undershoot and its variations in time are introduced at the
discretion of the pilot, providing extreme flexibility for the introduc-
tion of non-linear techniques. The maneuver must end with both the devi-
ation bar and the path marker superimposed on the aimpoint, indicating
zero error and zero error rate, If the pilotfmakes the undershoot angle
(path marker orientation below the aimpoint), proportional to the posi-
tion error (deviation bar above the aimpoint), he is maintaining a linear
first-order control loop, in which there is always an asymptotic approach

to the on-course, i.e., no overshoot.

The path marker can also be used as a flight director, in which con-
tinuous tracking of the aimpoint with the path marker provides direct,
closed-loop control without reference to the deviation bar (Reference
10). If the means for obtaining flight path angle is subject to steady-
state errors, these errors may be eliminated by using a lead network with
transfer function 7S/(rS + 1) to modify the flight path function in the
director mode. This network, which is a high pass filter, at frequencies
(WK 1/r), i a differantiator that wipes out steady-state values at low
frequencies (W <K i/r),

The approach along a linear track between Points @ and @ of Pigure
4=5, terminating at the aimpoint, is not suitable for an approach over a
high obstacle. The aimpoint is not visible to the pilot in the approach
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because of the obstruction. In this situation, a surrogate or offset
aimpoint (Figure 4~53) muit be used to establish the linear approach path

prior to the flare to the hover point over the landing area.

1If ground track information is available to pouition the path marker
laterally, coupling to a desired approach in azimuth may be accomplished
using techniques similar to those described for control in elevation.
Stabilizing the deviation bar in heading at the orientation of the de-
gired approach path in azimuth provides lateral angular deviation infor-
mation for the pilot. Director functions can be introduced in azimuth

as in elevation for quickened flight control.

A simplified visual approach and landing display generated by elec~-
tromechanically driven veticles is shown in Figure 4-7. The path warker
provides flight director functions in both azimith and elevation; there
are readouts of altitude and airspeed. All ancillary display images
(such as attitude, heading and deviation) have been eliminated.

For instrument approaches with ground guidance systems (Subsection
1I1.F), the display shown in Figure 4~8 is recommended. The navigational
information, which indicates the orientation of the aimpoint in spaca,
is processed and used to position the ellipse, which i{s a rendition of
the circular landing pad or landing area in perspective. This image
overlays the real landing area when the latter becomes visible, making
a smooth transition from instrument to visual flight. 1In all other
respects, this display is identical to the HUD designed for visual
approaches (Figure 4-6), The displays are thereby made completely com=
patible, and the techniques involved in their use are identical. This
maximizes the transfer of pilot training from visual to instrument
£1light, '
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%i; The helicopter approach to a moving carrier or landing platform on a

ship is complicated by the velocity of the platform and the wind over the
deck, The relationships among the velocities involved are showm in
Figure 4-9. The velocity of the helicopter with respect to the ground

: qu is
3 Ve = Y * Yy (4-1)
A vhere
f, Vya = Velocity of aircraft with respect to air
V, = Wind velocity :
" The velocity of the helicopter with respect to the carrier "uc is
g Vie ™ Yue = V¢ (4-2)
IL* wvhere A
& vc = Velocity of the carrier
g Substitating for VHG in Equation (4-2)
£
g v“c - vHA + (vw - vc) 4-3

But (v" - c) in Bquation (4-3) represents the wind over the deck \V“n
(Figure 4-9). Therefore

Vic ® Vi * Yio (4=4)
As indicated by Bquation (4-4), when the velocity of the helicopter with
respect to the air is in the same direction as the wind over the deck
(as indicated by a windsock), the velocity of the halicopter with respect
to> the deck is in this same direction. PFlying the helicopter in the di-
rection of the windsock, therefore, provides a direct approach tc the

.: woving deck without drift over the deck. The HUD in the landing mode may
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be used to implement an approach of this type without compensating for
the drift of the helicopter, as long us the approach is made with zero
yav or in the direction of a knowm remote relative wind. Coupling to the
desired deacent path may be accomplished as with a astatiouary landing
site, using airspeeds for path marker or flight director functions. The
deviation bar provides a valid indication of displacement of the aircraft
from an approach path, which moves with the landing deck. '

C. HOVER AND LETDOWN

Hovering over a ground point is presently accomplished visually by
reference to prominent terrestrial features in the area such as trees,
large rocks, and man-made structures. The pilot attempts to maintain the
visual bearing to these points constant. He can detect lateral and longi-
tudinal velocities of his vehicle by wotion parallax cues, i.e,, changes
in the angular subtense between objects as the position of the helicopter

_changes, Altitude and attitude rate can also be monitored visually by
reference to the ground at the low altitudes involvad, The prasentation

of. nound speeds, altitude and rate of clicd ang descent on the instrument

pnul based on radar and/or inertial data, provides ancillary information, _- A

vhich the pilot may use to considerable advaantage. Hovever, the divided

task difficult for the pilot and comprowuises .o satety of the operation.
With or without cockpit duphys. the &ccuracy and facility wich which a .
pilot can hover his aircraft over a fixed point is largely dawnﬂmt on
hu skill and experienca. :

Since exteraal visual ﬁ.fﬂt@b&é {s primary in the hover, the KUD can
~ ba employed to considerable advantage in this wmansuver. Coasider the

- display in Pigure 4~10. The besding of the afrcraft is detersined by the

A VPR A

direction and magnitude of the wind, the difference betwesn heading and
wind directiou beiag determined by antisymsetrical effects produced by

the sain rotor, tsil rotor and ascodynamic yaving moments on the _tmu_g_e'.

&«b -d

- wisual attention betwaen the outside world and the cockpit panel makes the |
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The deviation image is slewed to position in which it overlays a conven-
ient visual target when the aircraft is in its correct hover position at

the correct altitude. Subsequent lateral differences between the devia-

tion image and the target indicate a lateral displacement of the aircraft
from the hover point. A vertical difference between the deviation image
and the target can be caused by a longitudinal displacement of the air-
The altitude indication, based on
The lateral

craft and/or a change in altitude.
radar altimetry, can be ugsed to monitor vertical position,
and vertical displacements of the diamond-shaped, ground-spied image from
the center of the deviation image represent lateral and longitudinal
helicopter ground speeds, based on Doppler radar data. The diamond image
leads the deviation image in lateral and longitudinal displacements from
the target produced by any drifting of the helicopter from the hover
point. A vertical shift of the deviation bar without a displacement of
the diamond from the bar is due to a change in altitude. This is an ad-

ditional clue to the pilot to corroborate his altitude indication,

The diamond image can be used together with the target to couple the
aircraft to its horizontal position over tuhe hover point. If a longi-
tudinal or lateral displacement has developed, overlaying the diamond on
the target produces a ground specd that is proportional to the displace- .
ment, but in the opposite direction. Continuous tracking of the target
with the ground speed image produces a closed loop, first~-order system,
in which error rate is made proportional to the error, The diamond
image behaves as a visual flight director. Non-linear operation is also
possible in this flexible scheme, since the pilot may overfly or underfly
the system to provide the response character}stics he considers desirable,

A simplified HUD donfiguration for hover based on the electromechani;
cal image generating System "B" in Figure 5~3 is shown in Figure 4=11,
Deviation information is absent in this display, and drift velocities are
presented as departures of the path marker from the boresight circle.

The hover display in Figure 4~11 is, from the standpoint of specific
imagery, compatible with the basic flight display in Figure &4-3,
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This requirement is a result of the limited flexibility for changing
imagery when reticles are used to generate the images. Position infor-
mation must be obtained by raw external visual reference when this disg~-
play is used for hovering.

Letdown from the hover may also be accomplished with the display in
Figure 4-10. In the letdown mode, the diamond image is made a letdown
command image. Its depression from the horizon line is made proportional
to the rate of descent of the helicopter. Overlaying the letdown image

or th> target makes the rate of descent proportional to the altitude of
- the aircraft, i.e., '

-kh =

w |

or

* 1
h + KR h =0

where R is the distance from the hover point to the target. This pro-
vides a first order closed loop system for reducing the altitude to zero
at substantially zero sink rate. The same type of letdown control may
be accomplished with the electromechanical HUD system {(Figure 4=11),
using the path marker as a letdown command symbol,

D. TERRAIN FOLLOWING

Terrain following is a high speed flight operation at low altitudes
to penetrate a hostile region with minimal exposure to enemy defenses,
The terrain clearance altitude is selected as small as practicable, con-
sonant with maintaining a satisfactory level of flight safety. There ig
a tradeoff between increased exposure to enemy counteraction at the
higher altitudes and the increased hazard of impact with the ground
(clobber) at lower terrain clearances. In terrain following, maneuvers
are executed in elevation only at sensibly constant ground track. There=
fore, the aircraft trajectory conforms to the terrain contour to the

4=10
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extent possible with the characteristics of the guidance provided by the
forward-looking radar system and the dynamics of the aircraft.

Flight control during terrain following can be performed with an ' i
Automatic Flight Control System (AFCS) or manually with flight director ;
commands. With the AFCS, a manual backup mode is generally required to
provide a high level of system reliability. The flight director can ' i
also be used to monitor the performance of the AFCS. A high level of : i
precision in flight control is required for terrain following, whether

the control mode is automatic or manual.

In addition to control, however, the pilot must have the means for
assessing his situation in the real world at all times, whether the
flight is being conducted in visual, instrument or mixed weather condi-
tions. Assessment is the means for assuring the pilot that his flight

control performance is satisfactory when, in fact, it is, and advising
" him when the performance is submarginal. Assessment is not simply a
go/no-go matter which may be resolved by simple signals such as warning
lights. The human pilot requires sufficient information so that he can ' ;
assess the total situation at all timeg and effectively exercise his
prerogatives for decision-making as commander of the aircraft. The
assessment function is particularly important in both low-level and
high-speed flight and during approach and landing. These maneuvers are
conducted in close proximity to the ground, where failure to recognize
a hazardous situation and initiate appropriate recovery measures can be

ke
N
o
-
K
!

catastrophic.

The perceptual capabilities of the pilot make the situation for the
assinmilation of visual information from the real world extremely favor-
able. Human capabilities for pattern recognition with the type of visual
information available during approach and landing are unparalleled.
Furthermore, the pilot subjectively has more confidence in what he per-
ceives directly, as contrasted to an instrument display with sensor and
processed data inputs. The eyes, more often than not, believe what they
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see. This is the reason that optical-illusions are so compelling.
Consequently, the real world provideé the pilot with two assessment
features that panel instruments cannot rival: perceptual ease of
assimilation and subjective confidence that the information is relia-~
ble. The HUD exploits these advantages provided by the visual world.

The HUD configura;ion recommended for terrain following is shown
in Figure 4-12. The horizon line, pitch reference lines, heading in-
dices, flight path marker, airspeed readout and boresight line serve

the .same functions as in a basic flight mode.

The terrain carpet is a perspective rendition of the topography in
front of the aircraft, based on data obtained from the forward-looking
radar system. Consider the typical situation shown in Figure 4-13.

The forward-looking radar data is processed to determine the critical
terrain element (Tn) in each of the five range gates (AR). The critical
terrain element is defined as the point in range within the interval

4R, having the maximum algebraic elevation angle €., When the elevation
angles are negative, as for the first three range gates in Figure 4-13,
€ corresponds to the minimum depression angle. Therefore, the critical
terrain elemgnt represents the terrain point that must be cleared if the
aircraft were to fly safely on a straightline through the range gate
from its present position. ‘

In the HUD, each critical terrain element is presented at its true
elevatian angle ¢ go that it overlays its terrain correlate in the real
world under visual flight conditions. These form a series of horizontal
lines in space (Figure 4-12). The length of each horizontal line is
inversely proportional to the range of the terrain point it represeants.
When the ends of the successive terrain elements are joined by straight
lines, the series of trapezoids comprieing the terrain carpet is gener-
ated. The terrain carpet represents a true perspective of a series of
planar pathways in space, with constant width, laid between successive
critical terrain points. The altitude scale on the right of the display
provides the pilot with a readout of his actual altitude above the ground
below the aircraft, as decerpined by a radar altimeter, for example.

4124
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Figure 4-13
Data from Forward-Looking Radar System
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The flight director image (Figure 4-12) presents vertical fliéht: com-
mands to the pilot. The pilot responds to these commands by "flying" the
path marker to the square, and the commands are satisfied-when the center
of the path marker and the square are superimposed. Therefore, thé di-.
rector imége moves in relation to the path marker acting as a null posi-
tion. The relative motion between the two depends on the quickening

' dynamics used in the command generating system. Tﬁe flight director can
also be used to monitor the performance of the AFCS. On this basis, the
flight director remains in the null position, i.e., the path marker and
directqt image are superimposed, as long as the AFCS is responding pro-
perly to the command flight path angle input.

- In summary, the display elements in Figure 4-12 continuously chaunge
in size, shape and position so that they always indicate:

e How the critical features in the real world appear
e What the aircraft is doing
o The flight control commands

A flight gsimulation study of this form of display for terrain fol-
lowing has been performed in a fixed base simulator (Reference 11); the
salient conclusions were:

e The HUD assists the pilot materially in monitoring the
conduct of low-level, high-speed flight miasiona.

o The display helps the pilot to recognite active and pas-
sive malfunctions in the autopilot and flight director
systems and to recover safe control of the aircraft
under these emergency conditions.
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e The terrain carpet and the flight director are the
primary display images that make higher levels of per-
formance possible under these conditions.

E. MID-AIR RETRIEVAL

The mid-air retrieval operation involves the helicopter recovering
gstores descending by parachute, as shown in Figure 4-14. There 1s a
small engagement chute above the main chute, which must be captured by a
rectangular, webbed rig or window (18 feet x 11 feet) which is erected
on the underside of the helicopter. The target has a rate of descent
which may vary between 1200 and 1800 feet per minute. In the CH-3 ajr-
craft, which has provisions for this wission, the maximum rate of descent
of 2500 feet per minute based on autorotation is a consideration in
planning and executing the mancuver. The engagement chute is black with
a single brightly colored gore that delineates the direction from which
the helicopter should approach the target. Flight control in azimuth
involves a homing maneuver in which the pilot establishes a suitable
ground track that compensates for any drift of the target. Helicopter
speseds are detween 50 and 60 knots.

The kinematics of the motions in elevation are showm in Figure 4-14.
Assume that it is desired to engage the target at a small descent angle
(70) with respect to the target. If the target has a descent velocity
(Vr) to produce a relative velocity (VAT) of aircraft with respect to
target at the desired intercept angle 670). The relationship among the
three velocities involved is

th - VA - V.r
Sote that the flight path angle of the aircraft is ¥, vhich is larger
than Ve tO coupansate for the velocity of the target (V.r).

=14
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The HUD may be used to facilitate the intercept maneuver in the ver-
tical plane. A deviation image space stabilized at a depression angle
Cyo) indicates to the pilot his angular deviation from the desired path
relative to the target. This desired path is a moving reference line
vhich is descending with the target. When the deviation image is above
the intercept point on the target, the aircraft is high. Conversely, a
low deviation image indicates that the aircraft is low.

The probles of establishing a suitable trajectory to the target is
thereby made comparable to landing an aircraft on a rumvay visually
through the use of a HUD, as described in Reference 10. The deviation
bar may be used by the pilot in its raw form to provide position infor-
sation, while the pilot changes flight path angle to superimpose the
deviation bar on the intercept point on the target. The correct flight
path angle also maintains the bar on the target, i.e., both zero error
#nd orror rate will have been established. A HUD display format suit-
able to this type of operation is shown in Figure 4=-15,

It flight path information is available, this may be used in the HUD
in & nusber of ways to further wimplify the control task for the pilot.
A direct indication of the flight vector of the aircraft in elevation 7

_may be presented in the form of the path marker (Pigure 4~16). The
pilot can then use the position of tho path marker, which is a measure
of error rate, to assist him in nulling the deviation image against the

. target. Alternately, the flight path information aay be uedf to qulék&n '
the control situation (Reference 10), so that the WUD presests flight
director information to the pilot. The pilot mancuvers the alvcraft to
maintain & contivwous vverlay of the target by the ﬁngle director image,

_similer to a path warker, in a teacking task. fhe aireraft then estsb- -
lishes m‘ﬁhlttiji tha proper trajuiafy 1o space in & closed loop
coatrol operstion. ' I
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Figure 4-16
Alternate HUD Configuration for Mid-Air Retrieval
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F. AIR-TO-AIR REFUELING

In the air-to-air refueling operation, the helicopter must be flown
to engage its probe with the drogue trailing from the tanker aircraft,
which is usually a large fixed-wing vehicle such as the C-130. The heli-~
copter must subsequently maintain am accurate station with respect to the
tanker during the refueling procedure, followed by disengagement of the
two aircraft. The tanker navigates to the helicopter, homing into the
area with Automatic Direction Finding (ADF) equipment. Prior to the
approach of the helicopter to the tanker, the helicopter is flying at
aﬁout 90 knots, while the airspeed of the tanker is about 130 knots.

The drogue of the tanker trails from the wind of the tanker. The drogue
line has markers at 10~foct intervals to provide a visual reference of
the length of line extended to the helicopter pilot..

The probe-drogue engagement is always performed visually, during day
and night operations. A spotlight on the helicopter illuminates the
drogue and its hose line at night. The pilot controls. the aircraft and
effects the «.ju :ment, while the co-pilot acts as a safety monitor.
Successful engagements are the result of a smooth trajectory to the mean
position of the drogue, which has some oscillatory motion producéd by
unsteady airflow., Pilots are advised to avoid chasing the higher fré-
quency drogue motions. After engagement, the pilot maintains station by
visual reference to the aft fuselage of the tanker, using a salient cue
such as the insignia on the fuselage, The orientation of the insignia
in the pilot's visual field provides the most usable guidance available,

The HUD can be uged to increase the ease and consistency with which
probe~drogue engagements can be implemented and maintained in this type
of operation. Assume that the wing of the tanker aircraft has two prom-
inent marks equally spaced about the centerline of the drogue line in the
spanwise direction. A HUD configuration such as that shown in Figure
4-17 is recommended. This horizontal angular subtense of the deviation
bar is made equal to the subtense of the two marke on the wind when the
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Figure 4-17
HUD Configuration for Air-to-Air Refueling
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helicopter is in its correct longitudinal position with respect to the

N

tanker. The deviation bar is also space stabilized at & fixed eleva-

33K
)

£ e
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tion angle with respect to the horizon line. The elevation angle cor-

TGRS

responds to the desired position of the helicopter in the vertical

T

plane, when the deviation overlays a suitable target, such as an engine
pod. Therefore, the single deviation bar is sufficient to provide an

accurace approach to the tanker, as well as to permit accurate station §
keeping. When the helicopter first approaches the tanker from behind
at the approximate altitude, the deviation image is high above the wing,

and its lateral subtense will be greater than the angular separation of
the wing markers. The angular separation between the wing markers in-
creagses as the helicopter approaches the tanker until it is equal to the
subtengse of the deviation bar at the correct range. The pilot must ad-
just his altitude during this approach until the deviation bar overlags
the elevitior. taivget when the helicopter is at the correct range. The
pilot can execute these maneuvers with the HUD without diverting his
visual attention from the drogue, which is in the same viewing region.
Both engugement and station “eeping are effected with the same set of

visual cues on the tauker. This provides an optimal transition between
the two critical stages iu the operationm,

G. MINE COUNTERMEASURES

R S e SR

Mine sweeping is an oreration in which the helicopter flies in the
pattern of successive parallel paths, reversing direction in each pass
(Figure 4~-18), at low altitude and speed. The helicopter tows a sweeper
and cutter rig that frees moored mines, which subsequently float to the
surface so that they way be detected ¢na destroyea. The h=licopter is
in a distinct nose- down attitude due cu the large rotor thrust in the

A R e R o R

forvard direction required to overcowe th.: drag of the trailing rig in
the water. In the Ri-3 aircraft, for example, the pitch is 12 to 15
degrees nose-down, wvhich is distinctly uncomfortable for the pilogo.
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Grid Pattern for Mine Sweeping Operation
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In the RH~53 aircraft, these nOSe-ﬁown att!tudes are reduced to 7 to 8
degrees. Precise navigation is réquired unde these demanding flight
conditions in close proximity to/the water, if the area is to be cleared
effectively. Pilots consider tliese operatlons more difficult than an

ASW hover on the water at one gpot.

Mine sweeping is a dayligﬁc, visual contact operation. The accuracy
of the sweeps currently depeﬂda on the skill and experience of the pilot
in visually orienting the a#rcraft in relation to buoys which are
strategically positioned f?t guidance, as well as any landmarks that may
be available in the axea./ The tracks are 1 to 2 miles long in a field
sweep, and about 1800 fegt of line are being towed. Speed control is
maintained by monitorin7’cable tension, which can be read out from a
cockpit indicator. This cable tension is determined by the drag of the
rig in the water, whiﬁzsis a function of the towing speed. Altitude is
controlled automaticq&ly at about 50 feet, with altitude sensing accom~
plished by a radar qitimeter. The pilot monitors this altitude by exter-

nal visual tefetengé to maintain a high level of safety in the operation.
/

The HUD can b; used to increase the precision with which the pilot
can sweep an ares and to lower his workload in this demanding series of
maneuvers. Rsff;ring to Figure 4-18, assume that it is desired to sweep
the area defiuﬁd by the rectangular diwension w and R. Consider four
buoys poaitiqﬁed laterally at the extremitics of the area to be swept,
and longitu§ina11y at distance (2) from the ends of the tracks. Assume
further that the distance (f) is selected so that the angles (¢ and §)
are anal;ffor all positions on all legs of the sweep. Each leg is de-
fined by'che lateral dimension (a) and the leg length (R). Considering
any point on a particular leg at a distance (r) from the buvy base, the
geomatry indicates that:

a=rtanf{ ™~

W=-a) =r tan § » b

for small angles ¢ and §),
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Eliminating r from these equations yields:

8-.“1_"_8.2.- E.J...l
fr a a

Therefore, the ratio of the two angles (8 and {) is a constant for a
particular leg, independent c¢f the longitudinal position of the aircraft
on the leg. The start of a particular track occurs at a value of r equal
to (R + 1), and the initial settings for the angles { and §) are deter-
mined for this value of R.

Assume that the HUD has two images space stabilized with respect to
the desired track heading angle, or the rgference heading associated with
this ground track. These images are presented as the two vertical index
markers below the horizon line in Pigure 4-19. The markers are oriented
at the initial values of { and 8, and the total angle between them exceeds
the angular subtense of the two buoys before the aircraft reaches the
starting range (r = R + £) for each leg of the grid. When the aircraft
reaches the starting range and is correctly oriented laterally, the two
markers overlay the buoys. The lateral displacement between the markers
and the buoys indicates the lateral deviation of the aircraft from the
desired track. The total angle (¢ + §) is increased continually as an
inverse function of range (r), determined by Doppler or inertial naviga-
tion data, keeping the ratio 6/ constant. On this basis, lateral devi-
ation of the aircraft is indicated by a displacement of wmarkers with ;
respect to the buoya throughout the entire track over the diatance (R). g
If che navigation data is not available, the pilot can periodically ad- '
just the total angle (¢ + &) manually to agree with the angular subtense
of the buoys and obtain essentially the same guidance information.

Speed control for towing is maintained with the HUD through the use
of the cable tension circle in the display (Figure 4-19). This image is
oriented in the vertical plane of the referetce heading, and its position

_Z>ove the horizon represents a deficiency in tension in the cable, while
_sosition of the circle below the horizon represents excessive tension,
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This sensing has been selected to make the direction of motion of the
"cable tension image agree with the nose of the aircraft as the tension
is adjusted to its correct value. The nose of the aircraft goes down as
teﬁsion is increased, so that the circle is also moving down to the hori-
zon. A similar relationahip exists as tension is reduced to the desired
value. Altitude is monitored by means of the teédOut of the altitude
index on the scale on the right side of the display. The boresight image
(ctéés) and the supplementary pitch lines at 5 degrees complete the mine
countermeasure display.

H. AIR-TO-GROUND FIRE CONTROL.

1. Discussion of Helicopter Weapon Delivery Systems

Currently, helicopter and STOL weapon delivery systems comsist

almost exclusively of the firing of guns and rockets onto ground targets.
This applies to all such operational vehicles including the AH-1/UH~-1
series gunships, HH-2/HH-3/HH-53 series armed search and rescue heli-
copters, and the OV-10 STOL observation aircraft. The principal excep=
tion to this form of weapon delivery relates to the dropping of depth
bombs by SH-3A, D helicopters against visually detected submarines close
to the water surface. However, this method of submarine attack is rarely
employed because the opportunities encountered for such an attack are
quite limited. Homing torpedoes remain the primary weapon eaployed by
ASW helicopters. If visual depth bomb delivery wers ever adopted as a
primary ASW attack doctrine by the Navy, a HUD would likely be required.
. Soms of the ramifications of such a system, including CEP performance
and submarine velocity sensing requirements, are discussed in Appendix E.

A oumber of special weapon delivery concepts, proposed or
planned for helicopters, are presented in Appendix E. Perhaps the wost
noteworthy of these concepts is the high speed delivery of spacial bomd
stores (e.g., FAK, MIN, napalm, anti-persoansl) currently under study at

4~20
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3 ,: @ NATC, Patuxent, Maryland. Other concepts uncovered include reco_illesa

rifle fire support, air-to~air intruder attack, and a system enabling a
more accurate, pin-point drop of electronic personnel detectors at speed.
All of these operations as presently conceived would use a HUD. However,
no display analyses were made on these applications because of the pre-
liminary, largely undefined or proprietary nature of the system require-
ments. Accordingly, the emphasis in display design was placed on air-
to~ground fire control - still the primary helicopter weapon delivery
mode.

Moving as well as fixed targets were considered in the study.
Since certain land and water targeta can assume speeds of up to 40
knots, this reflects a kinematic lead (i.e., allowance for target motion
during projectile time of flight) that cannot be neglected. Since heli-
copters are not equipped with attack and NTI radars, sensing of target
speed or relative aircraft-to-target speed must be accomplished visually.
in wost impact-point delivery systems, this is achieved by a simple esti-
mation of target speed where the pilot anticipates future target motion
by aiming the reticle shead of the target. In fire control systems that
compute kinematic lead as part of a total lead solution, target tracking
is exployed to derive relative angular velocity, and range is astimated.
This approach, vhich is termed “lead computing sight", is used primarily
in air-to-air gunnery. This system, and others such as vector rate sight,
vhich requires absolute target velocity data, are discribed in Refersnce
3 together vith their mathematical roluionahlpn. (Discrete visual ac- :
quisition techniques cannot be effectively eaployed in deriving target . |
volocuy.') Hovever, the value in implementing total-lead-solution sys=- ' i+
tems in helicopters s highly questionsble, both decause of the errors
incurred in estimating or computing target range or velocity and the un-
1ikelihood that high speed woving targets would be encountered in heli-
copter nissions. The data deficiency noted is particularly adverse in
}boruuht weapon attacks where a hrgo range closuce rate is experienced.
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The only exception to this conclusion relates to the firing of off-
boresight gun turrets by SAR vehicles against water surface craft.

In this situation, whether the helicopter is hovering or at speed,

range can be accurately and continuously computed from sensed radar
altitude, and relative velocity derived from LOS tracking. The LOS
angular tracking rate would normally be sufficiently large in off-

boresight firing to yield an accurate solution.

Actually, the specific airborne fire control systems and asso-
ciated trajectory equations that may be provided in any helicopter is
beyond the scope of this study. Of interest in this study is the im-
pact of the weapon delivery system on the display processing and for-
aat dasign. Except for new concepts such as the Honeywell Hotline
System, little or no difference exists in the display format between
an impact-point solution and one extended to include a kinematic lead
for moving targets. In both cases, the pilot controls the sight or
aircraft path to overlay a suitable image (e.g., 2im circle) over the
target. Also of interest in a study of this type is the development
of new target acquisitions and ranging concepts which:

® Are esseutially Mpcudhnt_ of the fire control
~ equations.

o Specifically mske use of HUD opum projceur and
digical cupum elenments.

o Alleviate the need for pilot estimation of range.
" Such coacepts are descrided in Section III of this report.

. Araed N/STOL atrcrafe provide for the firing of boresight and/or
"off-boresight wespons. Bovesight srmaments include guns, rockets, and
‘in soms cases missiles, all of vhich at the present time arve ciwed snd -

fired by weans of & single, wmially dupressad gunsight veticle. Off-

boresight veapous are cowprised exilusively of gun turrets, totatable
'hmﬂm meuﬁhwym
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from airspeed and estimated range data to account for the effects of

’ aircraft motion and ballistic deflection.

2. Current Operational Techniques and Problems

In order to gain a first hand understanding of the operational

techniques and problems associated with air-to-ground fire control, a

nuaber of interviews were held with Marine and Army helicopter pilots

wvith Vietnam combat experience. Among the AH-1/UH-1 gunship pilots,

{ there vas unanimous agreement that the vulnerability of the helicopter

' to enemy fire is of compelling and overriding concern to thes. Conse~

quently, every effort is made to attack the enemy immediately and

rapidly to minimize exposure.

' There vas general acceptance of the two- and three-axis dis-

crete acquisition techniques for target rvanging described in Subssctions

_ I11.H.3 and IIl1.H.4. BEven in situations requiring an unplanned fast

; E attack, it was felt that at least the copilot/gunner could execute the

E two acquisitions requived prior to the veapon releasa. However, other ' R

| §: targeting techuniques that unduly upou the helicopter luch as target

. _overflight or station-keep tracking of & -ovin; nm: to derive uuct

f k- spud vere deemed unacceptable.
: § A o:uigbt-in dive attack vith boruigbt vnm is the wost

effective and, therefore, the primary veapon dclivery mode. This capa-
bility is currently provided ia the Ali<1 G, J and UH=1B guaships and
OV=10 observation afrcraft. Avwed SAR vehicles (operational and develop-
 mental) are providwd only vith chin- or belly-mousted gun turrets for |
protective five support. A typléal div& attack profile is descrided as

~ follows for the AN-1C Cobra. This gunship enters the dive tovard the
target slovly during wbich a predeterwined spowd/dive angle configuration
18 established. Dive shgles of wp to &0 degrees are mﬁ»l& slthough a
wbre shallov atteck is often used to allow sore Firing time ou the tasget.
A dive syeed of @out 140 knots 1s typical for the Cobra, which contrssts
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. im balfcopter gunships end its ispact on NUD design requiremests.) The

to about 60 to 100 knots for the earlier model UH-1B gunship. The pilot
has complete control in the firing of the 2.75~inch FFARS rockets; the
copilot can only control the firing of the minigun turret. A “canned"
solution is used by the pilot in boresight gun and rocket fire control

by weans of a manually depressed reticle on the fixed gunsight. Rocket
release altitude is typically 1500 to 2000 feet depending on the dive
angle and consistent with the 2100 weter burnout range of this armament.
These release conditions allow sbout 15 to 20 seconds of firing. Mini-
gun firing commences somewvhat later in the dive since its maximm range
is 750 weters. During a turning breakawvay, ths gun turret is used by the
copilot for suppressive fire support. Such off-horesight fire control
vhether conducted during breakawvay, or suddenly at targets of opportunity,
usually takes one of tvo forms. Ons involves area suppression in which
the firing is dispersed to cover a finite area. The other veflects a
firing pattern that rtugo a specific target point. Continuous, ptn-potnt ,
aiming at a target is seldoa attempted for veasons presented later in
this subsection. '

- Tha depressadle muht ntieh provldod in the Cobra is a low
cost mrunnution of an huet-poiut fire control system, which is gon~
_cun_y,.emtd as the best technique for air-to-ground fire control.

This type of system, vhere the aim circle represents the anticipated
' poiat of projectile impact, vas assumad , mnton. in the formulation
" of the display design described lster in this subsecticn. (The Moseyvell
Sotline fire control concept wr; ultimately be accepted by the armed
services as & superior spproach. Unfortunately, hovever, since public
disclosure of this system sccurred at the cowpletion of this study, it
 could not be adequately treated as relating to its possible introduction

:
mz Mﬂyuﬁlaw techatyul 1a Vietasn is to coutisuously overlay S %
the lmpact-poiut reticle on the target. Strafing or walkeim of the
veticle lime of fire through & fised targe get is alss possible, but oot

&2
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preferred. Melicopter pilots. however, do sometimes walk-in s rocket
line of fire, but invariably for area coverage only. A number of pilots
have also indicated that if confronted uith a fast moving land or ses
target, they might employ a strafing run rather than aim and fire con-
tinuously ahead of the target as indicaced in Subsection 1IV.H.1\.

The opinfons of each pilot/gunner iuterviewed were solicited as
to the problems and limitations thau exiat in current helicopter fire
control systems. The following represents a composite of the principal
problems, on which opinion was wvirtually unanimous.

e Gun Calibre - The 7.62-millimeter calibre of the run
turrets is deemed ineffective. Gunners went a gun
calibre large enough to literally “chop down trees".
(This limitation is unrelated to KUD specificatiocun.)

e dange Sensing - Fire control perforsance is adversely
~ affected by the lack of accurate slant raaze to the
~ target. A NUD can alleviate this problea by means of
the kinematic rauging techniques discussed fn Secticn
itl. ' ' S '

o Computetion of Frojectile Trajectory - A wore precise
solution of anticipated projectile teajectories (o~ *
volviag the sensing of additionsl parameters such &s

- inertial velocity, wind, sideslip, ete and the tmples

. wentstion of more exact ballistic deflection equations)

@ Comnighe Rericle Stabliteation ~ A weed exists a both
fixed- and movesble-optical sights to stabiifze the
aim veticle for the effects of whicle sttitede motion.
Under moat conditions. pusners bave considereble dif-
© fleulty waistafaing the reticle on o Fixed point tacget.
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e Night Combat Operations - Aided-visual approaches,
(IR/LLLTV) are seing introduced ’n several heli-

copters to extend both close supr-rt & armed SAR

operations to dusk andA;Lght conditions. The move-
able optical aimsight constitutes one candidate
means for accommodating the display and orientation

control of these sensors.

The Army AH-56 Cheyenne with its rather sophisticated avionic system was
desizned to overcome some of these problems. The system includes an in-

ertial reference set and a laser ranger.

3. Target Orientation/Ranging Technigues

A number of kinematically derived target orientation and ranging
techniques are described in Section 1II. Specific recommendations for
these techniques and other undescribed targeting methods for each known
operational attack aodg are presented in the following paragraphs.

e Bore:ight Weapon Delivery - Mode No. 1

For low altitude situations requiring an immediate
attack on targets of opportunity.

(1) Off-boresight, two-point discrete acquisition
by copilot followed by computation and storage
of target position.

- (2) Continuous computation of target bearing/range/
altitude while aircraft maneuvers for strajight-
in attagk.

(3) Target designated on pilot's HUD for re-
acquisition (update) if necessary and impact

point continuously computed.
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(4) During pull-up and turn, copilot/gunner provides
off-boresight suppressive fire support. Range
data used in this fire control mode can be either
that continucusly derived in item (2) above, or
data independently derived using continuocus
angular rate sensing method.

o Boresight Weapon Delivery - Mode No. 2

For situations involving dive attacks on known targets
from relatively high attitudes.

(1) Ou-boresight, two-point discrete acquisition by
pilot along flight velocity plane followed by
computation and storage of target pos.tion.

(2) Continuous computation of target range used for
impact point solution.

e Off-Boresight Weapon Delivery

For situations requiring immediate suppressive fire
support (e.g., sudden appearance of target).

(1) Continuous angular rate sensing method used for
target impact point solution,

Another method of targeting over land makes use of filtered radar
and barometric altitude data, the equations for which are presented in
Subgection III.E. The method is analogous to that presented in Sub-
ssction III.H.7, rovering the special case of flight over water. Slant
range is computed, typically by means of a divide servo, from smoothed
absolute altitude and depression angle of the sighted target. This
ranging approach represents a low cost, though less precise backup than
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the approaches outlined for each aforementioned attack mode. It's use

is envisioned in situations where:
o Insufficient time exists for two discrete acquisitions

o Magnitude of relative bearing angle rate too small to

enable sufficiently accurate computations of range

e Digital computer is unavailable or has malfunctioned

thereby obviating kinematic ranging solutions

e Terrain along approach pathh to target is reasonably
smooth

A%

Still another target ranging method is one similar in principle
to the hunter/killer weapon delivery systems recently developed by the
Alr Force. The concept advanced herein is a simplified version of these

R R R

bt g

systems intended to improve gunship fire control performance under
day/VFR conditions with a minimum of additional avionic hardware over
the present complement. This concept is compatible with the coordinated
operations of Forward Air Controllers (¥AC), flying observation aircraft
and attacking guuships, In current Vietnam operations, the FAC informs
the gunships either visually or by radio of the location of a detected

R AT

target. In the system conceived, voice communication would be extended
to include two key tactical parameters; namely, altitude of target above
standard sea level and average wind velocity., The system concept is

shown in Figure 4~20. The observations aircraft is heavily instrumented; - *

whereas, the gunship 1s rather simply equipped with:

e HUD (replaces existing fixed gunsight)
o AHRS (replaces existing VG/DG's)

e True Airspeed (TAS) sensor

e Keyboard data entry panel

.o Calibrated pressure altitude sensor

4-28-0
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Figure 4-20
Simple Hunter/Killar Method of Target Ranging
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The observation aircrafﬁ would typically be equipped as indicated
in Figure 4~20. Other avionic system complements are possible to obtain
the desired tactical data. The laser range &and optical HUD projector is
used, by means of discrete acquisition, to derive altitude above the tar-
get (hT,). Acquiaition accuracy is enhanced by the availability of .
precise altitude data from the inertial platform. At the instant of ac-
quisition, pressure altitude (hb1) is also sampled enabling the subsequent
calculation of target altitude above sea level (hTSL)' The inertial
reference set provides ground velocity data, which, together with sensed
true airspeed, enables the calculation of wind speed and direction.
Suitable filtering of the velocity data is required to provide an average
readout of wind data. The calculations associated with the aforementioned
functions are relatively simple and would logically be accommodated in a
single computer. Such a computer could also be shared with the HUD pro-
cessing functions. '

The targeting vehicle can be represented by many fixed and rotary-
wing aircraft, including the OV-10. It is not inconceivable that the
flight leader gunship itself could be appropriately equipped to perform
the targeting function either in a primary rolc or as a backup to an ob-
servation aircraft.

The copilot/gunner of the attacking gunsight enters the received
data into the lead computer via a keyboard control panel. When the tar-
gaet is visually spotted, the attack can then commence. The wind data
together with the on-board sensed true airspeced is used in the calculation
of predicted ballistic deflection. A calibrated pressure altitude sensor,
identical to that installed on the observation craft, enablea the con-
tinuous computation of altitude above the target (th). (Low cost, pro-
duction pressure altitude sensors accurata to 215 feet at sea level, are
knowa to exist in the Alr Force inventory.) Slant range is then derived
for use in impact point svlution, through the mathod described im Sub-
Section II1.H.6, in which the aim circle on the HUD is continuously

4-29
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overlayed on the target. Pressure altitude is also used in conjunction

with a relatively low-performance, body-mounted accelerometer (Z-axis)

in the computation of broadband vertical velocity - a parameter also re-.

quired for impact point solution. Finally, an AHRS provides altitude
data of moderate precision for use in earth stabilization of displayed
data and in fire controi computation.. As in the case for the observa-
tion vehicle, it is reasonable to assume that a single computer can
accommodate all the calculations noted above and the necessary HUD sym—
bol generation and other processing functions.

This two-aircraft ranging system, if implemented, would likely
require that a backup means of weapon delivery be provided on each of
the attack gunships in the event the lead observation aircraft is dis-
abled or a malfunction occurs in the avionic system. The low cost,
filtered radar and barometric altitude approach described earlier in
this paragraph is deemed appropriate for this purpose.

4. On-Boresight Fire Control Display

The design and operation of a HUD symbol format recommended for
helicopter air-to-ground fire control with boresight weapons are de-
scribed in this subsection. The design, which is predicated on an
impact-point solution of the fire control problem, includes a target
acquisition capability for use just prior to the weapon release period.
The configuration is applicable for presentation on a fixed-projection
unit only.

Since the acquisition and attack functions, in the recommended
display, are both executed during a single pass over the target, opera-
tional simplicity is of utmost importance. The acquisition mode of the
display design is in accordance with the kinematic targeting method
presented in Subsection III.H.3, involving two discrete visual “pick-
1ings" of the target. The display for the various phases of a dive
attack is shown in Pigure 4-21. 1In the acquisition display submodes,
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the cues comsist of a path marker, azimuth velocity planme line, aim
circle, horizon line and pitch scale. The velbcity plane line, aim
circle and path marker are all tied together and positioned laterally
from boresight by drift angle augmented by high frequency heading data
for the purpose of stabilizing the images to the real world. Early

in the pass, the pilot heads in toward the target by aligning the
velocity plane line onto the target. Maintaining the lateral path on
the target is consistent with current attack procedures and simplifies
the acquisition task considerably; to do otherwise, results in an in-
creasing rvelative bearing angle where the target rapidly wmoves away
laterally in the display field. It is rather difficult to sccurately
acquire such a target while in a banked turn. The pilot is required

to continuously maintain his lateral flight path om the target between
the two acquisition points in order to minimige lateral daviations froa
an ideal straightline path established in the computer targeting solu-
tion. Although this flight situation implies an essentially wings-
level condition, the pilot is permitted to establish small roll atti-
tudes even at the points of acquisition to correct for path deviatiouns.
With respect to the vertical plane, the pilot is not constrained to any
path and resulting altitudes between the two acquisition points.

Prior to the first acquisition, the aim circle appears on the
horizon line. When the helicopter has becn mancuvered so that tha ve-
locity plane line overlays the target, the pilot manually slevs the aim
circle dovnward to capture snd “pickle” the rcal-world target. This
direction of slev is preferred since the targot i{s also moving dovnward
in the field. As an alternate approach, the pilot can slov the aim
circle to a position just below the target and ‘valk=in" the than fixed-
~circle cus to the target for acquisition. The acquired depression angle
(e,) and other angles shovn in Figure 4-21 are the sane as that pre- '
sented in Figure 3-8. All of the angles shown for both acquisitions

are measured in a vertical plane perpendicular to the earth’s local
horizontal. This is effected by appropriate pitch and roll stabilizstion
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of the velocity line and aim circle so that the velocity line is always
perpendicular to the horizon line. The velocity line tied to the path
marker facilitates the acquisition task and the lateral path control
requirement previously stipulated.

Immediately upon execution of the firsr acquisition, the aim
circle 1s automatically repositioned downward in the field by a predeter-

mined number of degrees. This enables the pilot as he continues his
flight to "walk-in" the aim circle to the target for the second acquisi-
tion. The magnitude of this differential depression angle (identified o
as ‘7" in Figure 4-21) should be sufficiently large to assure an accept-
able systematic accuracy in the solution of the oblique triangle geometry
equations derived in Appendix B. A fixed value of ¥ would constitute the
siwplest design approach. Howcver, further analyasis may indicate that a
variable ¥ is warranted where this angle would be computed as an adaptive
function of the sighted deprossion angle (n‘) and smoothed radar altitude
at the point of first acquisition. The objcctive in this latter, more

sophisticated approach is to cnsure, irrcapective of the attack conditions
established by the pilot, that adequate target distance (and hence time)
existe at the second acquisition point for the firing of weapons during
the attack phase. . : : . '

. Upon completion of the two acquisitions, the attach forsat shown
fn Pigure &4=2) is presented on the display. In this subadde, the symbols
consist simply of a path marker, horizon line/atiitude scale, aim circie,
‘and a pull-up or breakavay cue. The aim circle in this case is auto- '
satically positicosd in olivatioaAagd'a:innth from computed lead ianli
dats representing the predicted point of projectile impact at all tiwes.
hnring the attack phase, the pilot controls the sireraft path to contimu~

- ously overlay the ais circle onto the visual target. WHeapon relesse {6
tndicated by & sudden incrosse fn the size of the alm eivele, which 19

 effected with the teceipt of sn in-range discrete. Earth-stabilized fias

~ are placed on the sim efrcle to eahunce the ability of the pilot in pro~
‘paxly setsing two-axis deviations from the target, thereby assistiog him
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in his steering task for target overlay. Since gun and rocket projec- i
tiles are not free-fall devices like boubs, the display of a vertical
trajectory (impact) line is an invalid proposition. The path marker
incorporated in the display is not a controlling clement; rather, it is

.+ presented for flight status purposes ouly. The pull-up cue moves up
from the bottom of the display field as the helicopter closes in on the
target. Breskavay is commanded vhen the pull-up cue arrives at the path
marker. In advanced weapon delivery systems for tactical aircraft, the
pull-up command is computed as a function of several flight parameters
to ansure a safe breakaway maneuver.

I. SEARCH AND RESCUE -,

fou. T

1. Gensral SAR Mission and Systems

Secarch and rescue is ons of the most important and difficult
uissions assigned to helicopters. Increntngly high mission performance
goals are being established by the Navy and Air Force for combat rescue
operations under all vu:lur conditions. In addition to providing wore

. afhcuu locatlon-uudinc communications systems, major emphasis 1:
" belng directed tovard providing full night/IFR low level capability with
appropriste detection, terrain avoidance, and automatic approach and
: hnvér control nniun. Of particular importance and 1intcrest is the Ale .
Yorce's current development (PAVESTAR) of & (ull night rescue vehicle.
Cetling and visibility play 1n imporcant part in the execution of an SAR
sission us 1t is accomplished today in Vietnam. Without full night capa-
- bility, unless the SAR helicopter can safely ecarch with visual referente
_to the terealn, the ﬂ'ulon,_is delayed until wore favorable condicions
exist. Ocean searches can bo accomplished in poor westher o night con-
ditions; houever, a8 1o operaticns over land, visusl detecticns and -
uaunmm of the vescue st be wade for recovery. The positive
utsbluhunt of such & visual (or aided-visual) refevence is an cpera=
‘tional Ju:tﬂu that sust alvays be utufm before. thi Mliwut u
Mtud to & tm -lucat to hover.
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In analyzing the SAR mission profile, it is clear, as is the

case with most tactical missions, that the critical terminal phase rep-
*{‘ rcsents the greatest potential for HUD applicability. Although appli-
cable to current VFR operations, the need for head-up flight control is

deemed wost compelling for the advanced limited and full night rescue
system where the pilot is required to simultaneously perform the follow-
ing functions:

o Basic flight control

e Terminal approach navigation (both vertical and lateral

- b steering) |
o low altitude terrain avoidance .
® Visual detection of rescuse

It is, of course, possible to appropriately divide these functions with

a two-pilot crew using appropriate head-down instrumentation. What is
i recommended in Subsection IV.1.2, howover, is a concept that integrates
_ : "~ these functions in the command pilot's HUD to satisfy the pilot's innste
' desire to look out the vtudbhhld during low altitude, low viatbuity
“flight nd to augment the copuot'n prhny tuk of deuetton .eum
with ml-nunml 1utrunnution. o :

A generalized SAR flight profile s shova ia Figure 2. int=

: tul notification of a dovned nnu is made via volce comsunication to
an lc»-u_ﬂ search aircraft orbiting an assigned station covering a speci- _
fied area. The KC=130 ismedistely procesds to the scens and, after ’
ssteblishing volce contsct, odtains & duscription of the survoundings.
Heswwhile, the SAR hen‘w‘ur(e) sicrted for the rescue operation is

" directed to the vicinity of the dwau airean, from TACAN position or
‘geographic mﬂluu data velayed by the NO~130 commsnd ship. The
helicopter(s) dashes to the gemsral evea at betwesn 5,000 to 10,000 feet
of altitwde vhareupon a sesrch docteine is adopted consistent vith che
cpow's prior kaowledge of the rescese's situstion. For example, if ft
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is known that the rescuee is in the vicinity of a river, a contour
search is initiated. Upon locating the general area, a rapid spiral de-
scent to about 2000 to 3000 feet is executed. Generally, at this point
the helicopter crew has established voice contact with the rescuee.

The task now is to pinpoint the position. This is achievad by homing

in on the rescuee's personal survival vadio signals (“beeper"), in which
the helicopter flies over the survivor during the first pass. The loca-
tion is noteg ., the ADF instrument neadle swing. Invariably, in such
rescue operations over ensmy-held territory (especially the rough, dense
terrain of Vietnam) radio homing is the only asans available for locali-
~ sation since the rescuee is either difficult to detect or he cannot
freely exposc himself for a sustained period of time. It is bescause of
this adversity in detection, especially under limited visibility condi-
tf.m. that a means for acquisition and storage ot the airman's ponulon
be mmu upon the initial sighting. '

, lt is desirable that the initial overpass be made at as lov an
~altitude as possible, since ADF portable radio transmitters are not vorj
useful at high clevation angles. Hence, a radar-directed, tercain-
awidanee.bystn is under active mu!.deraiion. " During one of wore over-
flights, visusl or aided=visual detection is attempted. When visual
~ detection occurs, communication is again es_tah;iéh&d for identification

, and spproach suum’c' purposas via voice and electronic honing (and some-

tiwes flares and SDO-SE flasher light guidance). After assessing the -
cactical situﬁoﬂ in tam of téruia, wiad, ensmy threast, ete, the
‘fiaal approach course iﬁl descent angla mum are ulaetad. and m
. testee ti efteem at a i$0= to iﬁo-foot tiover.

4 Tue Ruvy' s m&pt taf an sdvanced SAR haltcopter system calls
tor & tull axghtltn veatlior capability usder minfwus visibility condi-

- .tlw of 115-foot celling and 1[%%110 rsnam Oae of the principal

wission pecformance goils stipulated For such & systea is the rapid de-
tectioa, ldentification, sbd scquisitios of the rescuse 35 that s fast

&35




SR s 2
g s>

-
S
53
2]

e
2

2.
-
e
a8

iy T2 e s ST T N

o

descent and a single approach to hover can be accomplished. To meet the

desired mission goals, a more sophisticated avionics system is conceived;
this system is comprised of more extensive and improved communication and
navigation, terrain-awidance, and detection elements. For example, in
the area of UHF direction finding where UHF voice transceivers (e.g.,
portable ground transmitter PRC-90) and ADF (e.g., ARA-25 or ARA-50) pro-
vide voice communications and identification and homing bearing signals,
vecent developments are being considered to provide range finding as well.
Although these radio systems provide some degree of capability in locating
a survivor without visual contact, both the Navy and Air Force still in-
sist on visual contact before a final committment is made to go intec a
rvescus hover - especially in & known defensive environment. Visual con-
tact is indispensible for the rescuee who does not possess a locating aid.
Where enemy action i{s not a factor in a night rescue, the use of flares

or overt and covert lights is the obvious answer. In hostile territory,

the use of image intensifiers, either direct-view or via LLLTV with covert
{llumination (infrared or ultraviolat), is dictated and has been incor-
porated in the Alr Force PAVESTAR programs. These deviéu.. both forward
looking for approach and downward looking for hover, enable aided-visual
detection and acnuinitxon. only, and do not solva the cosmunication and

. 1aﬁnt1f1ection srobla-.

The detection problom, when coupled with critical low alcicude

wmaneuvering nd approach flight under dusk or night conditions, estad-
1lishes an llhortcut Af not ccupelling nced for a HUD. The nesd for head-

W flight control by the comsand pllot ia a:eantuataa vhen enesy defensive

: tire is encountered. In the foliouing paragtaphs, in vhich the recom=

wended display is dc;ctibeﬂ. 8 eeneapt 13 defined for an interchange of
denignated position dats between direct hesd-up eyeball detection by the

‘piloc snd aided-visual detection by the copilot ob the panel-mounted TV

wonltor. The probadility of faitial detaction is wost certainly eshanced
1€ the commsnd pilot is controliing through the vindshield, since his

 vieving f{eld s considerably grester than that provided by a poloted TV
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camera. In addition, under certain dusk and moonlight conditious,
earlier detectioﬁ through direct visual contact may be effected bec:iuse
of the superior resolution characteristics of the eyeball to that of
525-iine TV system. Direct vigual detection of lights is also superior

to that of LLLIV under relatively dark conditions because of the higher
viewing contrast.

2. Radio Homing Search and Acquisition Disp;éy

The HUD format recommended for low altitude homing search and
acquisition flight at night is shown in Figure 4-23. This format em-
bodies all the symbols comprising the terrain-following display of
Figure 4~12 and, in addition, includes a constant bearing line and aim
circle. The range-gated, peak-clevation data used to generate the cer-
rain carpet lies along an earth-stabilized vertical plane passing

. through the ground velocity vector. This data generally can be ex-

tracted as one azimuth segment from the terrain-avoidance radar, pro-
viding wider azimuth coverage. Prior to the terminal phase of a homing
operation, where lateral maneuvers are required in low altitude search

and hqldinz patterns, the pilot relies on his primary terrain-avoidance.

display (i.e., forward-looking shades-of-gray or TCPPI panel-mounted
presentation). However, auring homing at close distances, straith-

ahead flight is normally conducted ~ hence, the selection of a terrain-
following display.

A radar terrain-avoidance system has been specified to provide
the night VFR/IFR weather capability desired in SAR operation. In day
VFR operation, it is likely that the terrain-aveidance system will be

deactivated, thus blanking the cerrain'gatpet and direccpr images from
the diasplay. '

When communications have baen initially established and homing
signals are being received, the helicopter immediately heads~in toward
the transmitter location. To ensble visval head-up homing control, a
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Figure 4-23
Radio Homing Search and Acquisition
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vertical bearing line image, which is a true representation of constant ’ T
bearing in the real world for all elevation angles, is provided. . Lateral |
steering guidance is effected by flying the path marker to overlay the.
beering line. The bearing line and connected earth-stabilized aim circle
shown in Figure 4—23 also serve to assist in the task of detection and
acquisition. The line localizes the région to which the controlling pilot
should devote his attention for finding the survivor. If a detection is
made at a sufficiently large distance, acquisition of the position for’ )
subsequent designations is megotiated in the following manner. The bear- B

YA

ing signals that normally position the line are deactivated from the dis-

_play, and the bearing line is locked coincident with the path marker By N
“a pilot-activated discrete. The pilot then proceeds to effect two dis-

crete acquisitions at different pdints in the flight in much the same
manner as that described for air-to-ground fire ébntrol in Subgection -
IV.H.4. The bearing line is continuously superimposed on the réécuee in -
azimuth by the control of lateral path. The aim circle is then slewed in

' elevation until a total two-axis capture is achieved. The pilot wmay elect

5
:;mi
5
o
K

}‘5

to quickly execute the second acquisition by the slewing process rather
than the walk-in technique described in Subsection IV.H.4, if he is con-
cerned about losing sight of the survivor (or light) because of terrain

or visibility conditions. Aircraft path control is used for lateral
-alignment of the aim circle because acquisition via two-axis slew control
of the circle is deemed too difficult for the controlling pilot.

RS e R

Alternate methods of detection and acquisition are available, re- .
flecting either redundant or substitute means to the technique described :
above. Time line analyses and simulation may prove night SAR acquisi- i
tion using HUD to be unsatisfactory or too formidable a task for the con-

. trolling pilot, active and concerned as he is in basic flight control,
navigation, terrain avoidance, voice communication and possible enemy
defensive fire. One obvious method of acquisition, although not very
accurate and lacking the necessary positive detection, is to "pickle"

the geographic coordinates of the ground transmitter during the point of ’
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~overflight. Another is to assiaf the copilot in aided-visual detection
by rapidly slewing the aim circle in elevation to the approximate posi-.
tion of the detected or suspected survivor position and designating this
location to the copilot's LLLTV display for a more positive detection
and accurate cursor aéﬁuiaition. Designation would logically be accom-
plished by automatic positioning of thé curgsor and/or reorienting the
camera lock anglé in elevation. Similarly, during the homing and detec~
ting phase, when the copilot is viewing the TV monitor, he may designate
a suspected position on the pilot's HUD for confirmation purposes. The
designated image would appropriately comprise a synthetic symbol such as
a square, although a TV raster encompassing a small circular or square
field of 3 degrees in size properly superimposed - 1:1 onto the real
world has been conceived. The objective in all these and any other ar-
rangements of data interchange between head-up and head-down electronic
displays, is to extract the greatest benefit in combined visual and
aidedfvicual‘capability to improve the odds of detection.

To summarize, the HUD recommended for day and night homing search
'operationa encompasses the information necessary for basic flight control,
terrain avoidance, lateral terminal navigation, and detection and acquisi-
tion. After detection, identification and acquisition have been effected,
the pilot would then either immediately proceed with the final letdowm
approach or maneuver around for a new approach at perhaps a new course.
The display shown in Figure 4~8 would be pcresented on the HUD for an IFR
instrument approach where the aim point is designated from the stored
acquisition data. Without approach landing guidance, however, indica-
tions are that a panel-mounted VSD presenting LLLTV with superimposed
flight sicuation symbol data will be the primary control/display mode.

" The HUD, if incorporated, would represent a backup. The display of
terrain-avoidance radar data, either head-up or head-down, would be of
little value in the last 1/4 mile of the approach because of the blind
radar return envelope associated with such radars. When the vehicle
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finally enters into a hover, the HUD reverts to the configuration of
Figure 4-10. It is likely that a HUD hover display will be relegated
to a backup status, since a downward looking TV and automatic hover
systea is planned for horizontal position control and stabilization

during night/IFR operations.




SECTION V

OPTICAL PROJECTOR DESIGN STUDIES

Experience has clearly demonstrated that the optical projection unit

represents the most difficult tradeoff problem in the specification of a

HUD. An appreciable effort was expended in this area leading to the syn-
thesis of specific projector configurations., optimally designed for heli~
copter applications.

A. INITIAL DESIGN ANALYSES

Rarly in the study program, Sperry contracted the Farrand Optical
Company for consultative engineering and design series on the critical
projector element. The overall purpose in contracting this support was
to ensure that the optical designs recommended for helicopters repre-
sented not only practical, realizable solutions, but the latest advance-
ments in the state of the art as well.

Parrand's first task consisted of preliminary design analyses on
three candidate optical system approaches to HUD application in
helicopters:

o On-axis refractive (with internal folding mirror)
o On-axis reflective
e Off-aperturs reflective J

As pavt of the initial effort, Parrand wvas encouraged to seek nev design
concapt) so as to yield substantial increases in field of view over that

51
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previously attained for an equivalent set of size, weight, performance
and cost characteristics. (This goal was established early in the pro-
gram as an anticipatory requirement for helicopter HUD.) Emphasis, in
the design studies, was directed at achieving reductions in weight from
that associated with current state-of-the-art designs.

The results of this effort are contained in the Task I report sub-
mitted by Farrand (Appendix C). The report presents a summacy of “he
tradeoff analyses and comparative evaluations conducted on each of the
three optical projection configurations, where the major advanterzes and
disadvantages of each approach are discussed. The designs analyzed and
subsequently established for each of these configuratiois reflect two
important innovations. The first makes use of curved CRT faceplates us
a powerful tool in maintaining good parallax correction over wide fields,
thereby enabling the extension of mapped fields to at least 35 deprees
and beyond with acceptable parallax errors. Actually., computer ray trace
analyses indicate that in certain optical systenm désigns. mapped fields
of 40 to 50 degreces with acceptadble perforuancé may be possible with the |
curved faceplate approach. These faceplates ax: all of spherical curva-
ture shape for compatibility with the lens design. The curvature is

concave for the on-axis refractive and off-aperture reflective systems
and convex in the case of the on-axis reflective ay:tem. The usc of a
concave image plane surface for the refractive and off-aperture reflec-
tive system also yiclds as a by-product advantage the elimination of the
first tvo lens elements immediately ndjacbut to che CRT imape surface.
There is no esscntial difference, other than a constant of proportion-
ality, in the transfer function of CRT beam deflection to yoke current i
botween flat-face and cﬁrvmd-face tubes. '

The only potential groblem eoncérun,:he need for a dynamic focusing
acrangement with the ccacave faceplate to alter the beam focus as &
function of doflcctton angle and thereby msintain acceptable spot sise.
However, based on praltiminary investigations and discussions with CAT
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wmanufacturers, this problem doesn't appear io be gerious and can be satis-
factorily solved with relatively low cost circuit iﬁplenantation. One
positive method of eliminating the need for dynamic focusing with concave
faceplate designs uses a fiber optic faceplate with a convex inner cur-
face and the required concave outer surface. Such a faceplate, which
allows for independent curvature on both the front and rear surfaces,
might also be used to advantage in correcting mapping errors. The fiber
optic approach, however, is guite expensive and tcnhl;u in soue sacrifice
in brightnass. ‘

As an interrelated and essential adjunct to the curved faceplate con-
cept, a second ianovation was developed by Farrand, which, with the aid
of programmed computer ray trace solutions, optimizes the mapping match
between the CRT and optics to significantly reduce distortion errors.
Although the process (and associated equations) conceived as applicable
to both flat and curved faceplate CRT's, it is especially important in
the design of wide field optical asystems of 35 degrees and larger, in
vhich relatively large distortions (i.c., image pdaitton sapping errors)
are usually incurred. ' ' '

Essentially, the nsw mapping formulution recommsnded involves chang-
ing the maximum beam deflection angle in order to alter the mapping func-
tion previously employed by Sperry and Farrand on past 25-degree tield -
HUD developments. (Refer to the end of Task I report in Appendix C for
equations describing this earlier functicn.) Although largely developed
during the Task ! effort, the new mapping concept is described under the
Farrand Task II report also contained in Appendix C. The rather spec- .
tacular reductions in mapping errors achiieved at the extreaities of 15-
- degres field systems are shown by the computer-generated dsta tabulated

in Pgure & of the Tesk Il zeport. ) ' -

Each of the thres candidste wodel systems were ercor optinized for
napped fields up t0 35 degrass, and the three principal gesmstric CRY
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parameters of axial length (K), diameter (2P), and maximum 2eflection
angle (OM) vere established. The basic CRT and optics mapping equa-
_tions remain unchanged from those previously employed; only the tube
geometry noted above and deflection sensitivity as vepresented by the
constant-C are altered.

The second phase of Farrand's effort involved a comprehensive effort
in quantifying the principsl physical and performance design paramsters
for each of the three selected optical system types analyzed during the
Task I phase. In each of the three system types, dats was developed in
family-draviog format covering a wide range of overall system character-
istics and goals relating the sperture, field of view, pupil size and
veight. All of the optical designs reflect the ianovations discussed
earlier in this section and a number of other state-of-the-art advances
tovard simplification and reduced weight. As a supplementally assignad
task, design analyses wera conducted on the use of plastic lens elements
in HUD projectors. Based on a qualifying risk assessment involving
accuracy and enviroamental rutr:lctiom. escimates of weight savirgs
‘over conventional glass clement designs are nbmud !or each of the
quantified opttcal designs.

The design data is contained in Farrand's Task Il report. The pur-
~ pose in undertaking this quantification otfou was to assist Sperry in
o mbuqueut design mcincatxon tradeoffs involving specific hlicoptor

installations, leading to the detinuiou and recosmendation of final
auuduto pmjutor coatigurations. (lol’ot to Subsection V.C.) -

The data provided enables two hwou of tradeoff. The fitu
" flects a gross tradeoft analysis for uublwdu the bast optical sys-
~ tem type for the given installatios. This tradeoff selection is
prinarily atfected by cost, weight, accutacy, umiw'cff-iei’ney:
(u» affecting cequired image brightuness), display symbol vequirwments
(as affecting type of fmage wource), and cockpit installation charac-
teristics/constraints (as affeceing field of view). With regsed to this




letter factor, pupil-field reference drawings (Drawing No. 137151 and
137152) are provided in Appendix C: these dravings will assist the lay-
out designer in determining the monocular and bisonocular fields over a
variety of head positiona and eye distances, for any selected projector
coufiguration.

Upon selection of the basic optical aystem type, a second, lower
level tradeoff is conducted i{n which a specific projector is synthesized
through wore refined tradeoffs between weight. size, fields of view,
apertures and CRT or servo reticle size. In this case. an interpolation
process is usad in extracting trial sets of design parameters from the
tabulated family data, until an optimal set is yielded. The number and
assortment of optical wodels for which data was gencrated is quite suf-
ficient to permit such interrolation with ressonsble accuracy.

A concluding comment iz in order concerning the effort undertaken
to senarate the aforementinned HUD optical desisn data. This effort has
vary lirely resulted in the nost extensive compilation of documented.

| _ publuhld cdata of this tm. In addition, the data is umubly pre-
~ cise, since it reflects considerable computer-aided ray trace no).utiou

of optical models, uhich are larpely pndicated on nuccouful prior
developments by Forraad. -Accordinnly, it is belum that this data can

~ beof substantial benefit to avionic display svscm mtnaua supple-
. wontian the ulu derived from its use in this particuhr study droiram.

Directional atming sights wore also uwutinud during the initiasl
desingn mlnu phase. An evalustion vas conducted on the rchtin
werite af advanced, helset-smounted sichts as a class auiut the sore

. comventional hand-aripped. svivable aiw sithts of the type ptesently in= _
~atelled 1n the AH<1G, J and WH-2C helicopters. The evalustion is neces-

urilv of & limived qualicative nature hecause time did nwot mﬂiit an
in-depth study of the multitude of existing helmet sisht desiens. -
least niae compsnies and one rovermmont center are kaoun to have Bm
eagaged in belueet sight dovelopment over the recant past.
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The evaluation is based on Sperry and Farrand's familiarity with
helmat sights derived from past in-house design studies and developments.
sugmented by literature reviews and interviews with helicopter systems
engineers and pilots in vhich their experiences and/or opiniocns regarding
helmet sights were solicited. A discussion of the advantages and disad-
vaitages of helmet sights ss conceived by Farrand ia presented in the
Task I report of Appendix C. A comparison between helmet sights and
hand-gripped aimsights performed by Sperry is sumuarized in Table 5-1,
Two image sources are considered for cach sight: nawely veticle and CRT.
Blectro-optic position sensing is assumed for the helxat sight cather
than a wechanical head-tracker.

In any evaluastion of this kind, any one factor can often dictute the
selection. For example, for a aingle-place, fixed-wing aircraft, a
beluwst sight is obviously the onlv practical approach. On the other
“hand, if extremely high accuracy is requived, a rigidly supported and
_precisely boresighted conventional aimsight may be dictated. However,
based on critique of Table 5-1 a sinszlec aimsight choice for two-place
helicopters is not obvious. For a simple, unstabilized roticle desigm,
the helmet sight is preferred, particularly where target range is
sensed by a pointed laser. Whers a stabilized veticle is specified for

improved tracking accuracy, the hand-held simsipht is preferved bmun -

ot ite substantially lower cost than & halmat sight/CRY combination, ,
-(The CKT 1s the only practical methnd krown of displaciag an atw eivele

image in a helnet sight.) Vhere a CAT divectional sight is required for

the presentation of IR/LLLIV pictorial video, additiona)l flight tests
- appuar to be requiced to establish the acupubuuy of helmet sights.
-1t {8 understood that instunces of disorientation have been experienced
Sy ptlots, appavently due to the visual confusion betwesn the cockpit
. and display fleagery occssionally being vieved simaltaseously. This
_posatbility is nsa-existent ia the operation of a hand-gripped amwm
, Mywmwmuwmtofmmm

r palerree
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TABLE 5-1

)
COMPARATIVE EVALUATION OF AIMSIGHTS |
Reticle T
Yactor
Belmet Sight| Neod Sighe Relmat Sight Nand Sight
Atettude Stabtiizatfon Neo Yee (with 2 Yes Yes
Capadilicy 221Iv08)
Accuraty (estisuted) 7w Y me 0w - o
Tatisue Effect of ¥adevate None Stmnificant None
Ueight/Tvereta
Instantaneous and Tetal | Wice Moderate Vida Maderate
| Hield of Hew ;
Buikivace and Cockpit | Memidgible | Apprecteble | Mealieidle | Aswrectable 3
Space Nequired (Excent in {Except tn
Onerhead Stove Gvarhesd Stowe
ey Position) | | suay Posttion)
Ease of Opevation/Slew Ixcellent | Pate Encellmt Tatr
Resporse Tim o '
wum’ Vides Display Mo o Yes (swevar, | Yes
: | Disurienzation
1s patential
. sredlen)
Use for Fiight Comtrol | %o M : Yee o
Alizsaent Motersioability | Peer ™ seor Cond
| 901K Coat and vetsht dats undeternined.

'S. CANDIDATE DESIGH OF STABILIZED ALMSIGHY
~ Since helwat sights have already boen extansively ceveloped, no ef-
~ fort vas wade in this propras to undertake nev desiwn studies on this
. . relatively miéx device. !"aﬂu»n a layout duiéa vas senerated of &
| band-pripped sight containink a tiﬁlé atwine reticle, servo stsdilized
_for attictude motion. Rased on the evaluation of Subsectioa V.A, this
design is deemad to be perhaps the wost effective approach to satisfviay
« nusbar of VIR sissisht applications established in this study.

S L Y S v e R ey Pe L o
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A layout drawing of the aimsight assembly is provided in Figure 5-1.
A tvo-element on-axis reflective system is used to project an illuminated
image. 3imple dc servos are used to position the reticle in elevation
and yaw. The 2-3/8-inch diameter aperture, :5-1/2-dex:ee range of
veticle wotion and 3-1/2-inch focal length are 2 result of tradeoffs in-
volving field of view, size and weight considerationa. Since the zper-
ture permits oanly one eyc vicving., an unsysmetrical hand-grip arrangement
i{s preferred as shown in Figure S-1.

An installation layout of this aimsight on the copilot's side of the
H-353 cockpit is showm ia Figurc $-2. Two four-bar linkages are used in
the overhead mounting to pmv{ée the necesoary 2 translacional degrees
of fracdom in elevation: rotary support is used on top for rotation in
azimuth, The study confirmed the feasibility of thie installatien,
principally in terss of providing the copilot with the abdbility to aim the
sight over virtually all nossibie windshield viewing ansles - fore, nn‘t-,‘

 board and port. Stowaxe of the sight, overhead and afc of the ccpilot,

1s easily achieved. Sockpit layout studice coaducted on the H-) and H-46
helicopters also confirmed that chis simsight design is fully mtibh

for mmucm on ‘the copilot's uin of mh of these nhtcm. '

- c; wnmm DESIONS OF PIXED OPTICAL PROJECTORS

m :cmm dasinn tfauoff and _nscallation aauﬂu maueud to :
avolve a ounber of projector desisns as candidates for mteoptur appli- .
cation are described in this subsection. To otoém practical, optimal

. olutions and otherviss coutain the effort within wanagesble bounds.
© the atoly was princisally divected to o single, specific cockpit tnstals
 latios: assely the CN-33. Other side-by-side hesvy balieanets (the -3

and W-kd sarice) were c&mmtly {nvestigated O atsess fancallation

 cospatibility of the CN=53 cundidite projectors. Mowewver, time did sot
pernit simdler investisstioas for ¢e three other operstivaal mp

copter/SToL sircrafe in the W]Mu umw uanely the AIM
u‘lb “ .-@ mma
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éﬂjiff ._ The~CH-SJ Was.selegtea for primary attention for tbe following

reasonﬂ. - ~ T\- ’ e - ) T‘V - ‘ ) A } -

- 4?? - e Extensive multi~mission role (inciad*ng armed search

" and rescue, asgault trausport, and mine counter- .- T .

applicable to effecfive HUD utilization E

"0 Extensive sensor and compnter instrumentation, which
ptesently exists (including SCNS' in transport version),
enhanaing utiltty and effectiveness of BUB without
major aensor retrofit " : ; i5 ’f _ T \.Ar

~

. Véhicle not as_ sensitive to increases in cost. size )

and ueight as other smaller helicopters

“The tradeoff and {nstallation design studies cahducted ére esséntial to-

' fthe generation of optimal projector’ configutation for any HUD application. )

‘ However, to ensure that each projector configuration ajnthesizcd teflects
g ' realistic physical and performance characteristics, the detailed optical

design data developed by Farrand earlier in the program in family drawing

1 : .format was used (Subsection V.A). The candidate projectors encompass a

- '»tange of cost and complexity ievels relating to both the optical system--
and image soutce types. In addition, a range of field of view (i.e.,
_aperture) is established, from a minimum acceptable to a maxlaum ﬁtacti-

. éal,’éonsistent with size and weight constraints; This ptovideézthe air-
craft system designer with a useful, substantive range of options from
which he can proceed in formulating a final specification for a BUD pto-

jector to be actually developed.

1. Considerations and Tradeoffs

Two levels of tradeoffs are outlinedAin-Subsection V.A as typi~-
~ cal of procedures often employed in the design specification of HUD
projectors. The first or higher level tradeoff establishes the basic
optical design and image generation approaches. The second tradeoff

5-9
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leads to a definition of gpecific performence and physical design param-
eters for the installation of interest. It is acknowledged, however,
that in the final analysis, realities dictate cost and weight as perhaps
the rost patamount factors, consistent with the achievement of at least
_ minisuw acceptable performance. A discussion of tho higher level trade-
-.off as related to HUD app}ica:ion in helicopters io3preaented in the
following paragraphs. ) '

: Insfallation Considerations :

: With the exception of-. the rear cockpit ageat in the AH~1 and
OV-IO vehicles, panel mountxlg of optical projectors in helicopters is

.., impractical ‘because of limited. sp\«\.e behind ‘the panel and light mounting

hstructutes.‘ Therefoxe, the installation of an optical projector is re-
stricted to overhead mounting. The size and shape of the projector when

'5o_installed must be such ‘that an 8winch (preferably 10-inch) spherical

'c!garance txop.the normal eye:position is yielded in accordance with
;ilita:y standards gove;niog'such iﬁotallations. Specisl mounting pro-
n'visioosvand struc;uraifieinforcément~may_be necessary due to the severe
_ vibration environment of the helicopter. The severe vibration also

-~ dictates that the weight of the projector be minimized so as to produce
resonant frequencies higher than ‘the natural frequencies of vibration.
“For the single rotor H-3 helicopter, recorded data indicates a funda-
'menpqlva/REV) vibration frequency of about 4 to 4.5 Hz (0.20g) with a
short period (5/REV) frequency of about 20 to 22 Hz (0.25g). It is

- estimated thot with adequate structural reinforcement, a projector weigh;
of 25 pounds will provide a resonant frequency of .at least 30 Hz., Any
projector mount must be designeé to clamp the unit rigidly, but still

~ permit ease of installation and removal, Finaliy. any projector design
and installation layout must consider the helicopter cockpit
MIL-STD-33574, =33575, and -33576, to the extent of their applicability
a3 imposed by the systems menager. -

10




b. Field of View

~

Large instantaneous and mapped fields of view, although often
desired, are invariably limited in practice by weight, size and cost
limitations. New concepts must continually be sought to effectively in-
crease Field Of View (FOV) performance without the corresponding increases
~ in projector size, weight and inaccuracies usually incurred. This is
potentially important in helicopters because of the wide range of angle of
attack and sideslip angles associated with this class of vehicle. Fixed-
wing attack aircraft'also require expanded vertical field coverage for
delivery of high drag bombs - a requirement strikingly similar to the need
for large downward field coverage in helicopters during steep descents.

Two design features were adopted for the HUD projectors syn-
thesized in this study. In one of these features, a moveable combiner
in systems of small-to-intermediate instantaneous fields of view is used
to satisfy the conflicting display field locations of various flight modes
in the vertical plane. This approach, termed 'remapping", represents a
powerful tool for reducing the instantaneous FOV requirements, and bence
the aperture of the system. In fact, with this feature, an instanténeous
monocular FOV as small as 10 to 12 degrees (depending upon combiner posi-
tion) 1is provided with ome of the candidate projector designs established
below. The moveable combiner can be designed for operation in tuo!or more
discrete positions (e.g., HUD design for the A-7 airplane), or as a part
of a continuous positioning arrangement, controlled either manually or
automatically based on some tracking variable such as the velocity vector.

A key feature reflected in all the moveable combiner arfange-
ments presented ensures that for each combiner position, the central
optical axis is always oriented to pass through the normal eye position
thereby obviating any need for pilot head motion to view the entire'in-
stantaneous field. This was achieved by simultaneously rocating and
translating the combiner based on kinematic functions derived to yield
the desired result. Although, the same principle can :heoreticallé be.

¢
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applied to reorient the instantaneous field laterally, it is a much more
difficult matter. Ideally, for overhead installations, the entire pro-
jector would be manually rotated on a suitable track rotated about the

operator's normal eye position. However, structural obstructions exist
in all helicopters examined that obviate this approach. A less imposing
. approach is to manually swivel the projector about its own mounting
typically as a function of average drift angle. This technique was
successfully implemented by Sperry in an NASC-spondored HUD flight test

program on an F-8 airplane. However, this approach is also largely im-
practical in that existing structural members limit the swing of the
project to about 5 degrees. In addition, excessive lateral head motion
is required for display viewing.

In the gecond field expansion feature adopted in the projec-
tors evolved in this study, curved faceplate CRT designs and new CRT/
optics mapping relationships developed in the initial design analysis
(Subsection V.,A) are used. This feature, which enables an efficient
increase in the total field of view mapped (i.e., 35 degrees) is incor-
porated in candidate projectors of somewhat larger apertures providing i
compatible instantaneous fields of view of about 18 to 20 degrees.

c. Optical Configurations ;

Three basic optical system types or configurations were in-
vestigated for helicopter application in the initial analysea (Subsection
V.A). The first is the on-axis refractive system which collimates light
images by refraction through various lens elements. The principal ad-
vantages of this system are high accuracy, high light transmission effi-
ciency and shorter focal lengths, which enables use of smaller sized
image surfaces. This approach suffers the disadvantages of relatively
higher cost and weight than an on-axis reflective system. This latter,
second system collimuates the light by reflection off a spherical mirror.
Although the inherently simple nature of its design results in the lowest

é:} 5=12
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weight and cost of all known schemes of collimated projection, the on-
axis reflection system is somewhat less accurate and yields relatively
poor light transmission efficiency. This low efficiency dictates the
use of high intensity reticles. In addition, the physical layout
characteristics of the on-axis reflective system do not allow the use
of short focal lengths, Consequentiy, larger reticles are requited'vith
a corresponding increase in projector size.

The third optical configuration considered is the off-
aperture reflective system, comprising a more complex refractive lens
arrangement for projection and a spherical combiner where final image
collimation is achieved (Appendix D). This system was originally de-
veloped by Farrand for NASC as a panel-mounted instrument. When con-
figured for overhead mounting, however, the offset between the combiner
exis and the axis of the overhead projection optics section is insuf-
ficient to allow for adequate head clearance., Any attempt to increase
the offset causes rapid increases in size and weight, making the system
impractical for overhead mounting.

Based on these considerations, a number of rules can be
establigshed concerning the selection of an optical system. The display
symbol requirements largely determine the type of image source to be
provided (as discussed in the following paragraphs). Relatively complex
syanbol formats would preclude the use of reticles and favor a CRT. The
CRT, in turn, with its limited brightness and/or requirementlfor high
accuracy performance, would dictate the specification of a refractive
optical system. Conversely, relatively simple display formats would
logically be best accommodated by an on-axis reflective optics and
reticle match.

d. Image Sources

Tvo basic image generation techniques are available to the
HUD designer; namely, the CRT and electromechanically driven reticles.
The greatest flexibility for image formatting and position control is

5=13




provided by the CRT. Symbols may be overlapped and easily changed to
satisfy the conflicting requirements of multiple flight modes. The CRT,
however, cannot be used with an on-axis reflective optical projector
because of its limited brightness (6000 foot-lamberts typical for 3-inch
usable diameter). Additionally, the CRT and its associated driving cir-
cuits and power supply reflect a heavy initial investment in cost,
weight and power.

Electromechanically driven reticles, on the other hand, pro-
vide low cost and weight advantages for systems with relatively simple
digplay formats. There is virtually no flexibility in altering the for-
mat design, and the number of symbols that can be accommodated is
limited. Care must be exercised in the display format degign to avoid
overlapping of images because of the inherent mechanical constraints;
nevertheless, some symbol overlapping can be accommodated through opti-
cal mixing of images by means of beamsplitters. With the addition of
each optical input channel, however, light transmission efficiency is
significantly reduced necessitating ultra-high brightness reticles.
Fortunately, small, low power lamps are available, which in conjunction
with the current fibre-optic technology, can satisfy this high bright-
ness performance in two or three input channel projection systema.

To agsist in imuge source selection, a preliminary tradcoff
analysis wvas made to establish a selection crossover point between CRT
and reticle drive complexity. It was concluded that this point is repre-
sented by four positional zervos plus two meter mechanisms as the driving
elements in a hypothetical electromechanical projactor model. The
principal selection tradeoff factors considered were unit cost, weight,
reliability, ease of maintenance and space limitations as related to an
overhead cockpit installation.
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2. Synthesis of Candidate Designs

A number of candidate projector designs, reflecting the
sultitude of design tradeoff considerations previously discussed, are
described in this subsection. Practical spectrums of cost/complexity
and field-of-view performance, in accordance with the objective of
providing the avionic system designer with asuch options as a point of
departure in his specification task, are encompassed by the designs.
Two basic classes of projectors are covered: namely,

e Electromechanical reticle and on-axis reflective
configurations associated with the lower end of
cost/complexity/field-of-view spectrum. The
specific designs recommended are best suited to
accommodate a limited number of the simpler dis-
play formats established in Section IV, eithar
individually or in combinational sets.

o CRT and on-axis refractive configurations largely,
but not necessarily, associated with the upper end
of the cost/complexity/field-of-view spectrum. Any
and all of the display formats, FOV and other func-
tional requirements of Section IV are satisfied
vith the relatively wide-field version of this class
of projector. Narrower field versions, capadle of
accommodating a somevhat fower number of these dis- -
play wodes, including those that can be satisfied § : ]
by the electromechanical type of projector are also | '
presented.

&, Electromechanical Projectors

Reticle-imaged gunsights constitute the simplest, !trpc-
applied form of NUD. However, as conceptual development of UUD vas
expandad to the contact analog with ever increasing sophistication of




application in fixed-wing aircraft, the simpler reticle devices were
quickly replaced by CRT's. The nature of the helicopter situation, how-
ever, dictates reconsideration of the projected reticle approach for
certain helicopter applications. A simpler reticle approach to HUD de-
sign may very likely be favored over CRT versions for those helicopteras
that reflect a limited number of non-éritical operations, a low total
cost of procurement and ownership and a minimum of on-board avionic
instrumentation.

An efforc was undertaken, therefore, to evolve a series of
low cost projectors, making use of reticles and simple reflecting optics.
An evolutiovary process was employed, beginning with a simple attitude/
airspeed display as an aid in basic flight orientation and progressively
increaning the functional cowplexity to some practical limit as estab-
lished by the reticle and CRT cost tradeoffs and physical limitations in
packaging reticle devices. In this building block approach, synbols wers
successively added one by one in order of importance. As a result, two
projector designs wers developed; the display requirements of the basic
flight modea established in Section IV arc satisfied by the more complex
design. A third candidate dosign was hypothcsized, but is only condi-
tionally recommended in this report pending the results of future feasi-
bility layout studies and cost-effectivencss aulysea'. This third design
would functionally extend the second systom to effectively accomsodate
 the established display requiremcats for visual gun and rocket fire con-
trol (impact point solutions) and radio homing and acquisition during
visual saarch apd rescue. _ ' : o

The first two projecctor designs are schematically shown as
Systems “A" and “B* iu Pigure S-3. System "A", estsblished as the mini~
mal level, comprises two opticel input channels; System “B" includes
three such channale. In Sysui “aA", the reticle driving elements consist.
of two position servos and one slev motor, which, in conjunction with
carcain other fixed reticles, ensbles the display of an sttitude scale,
boresight, sirspeed numeric and deviation/pitch reference bar sysbols.
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2‘3.

In such a system, the servos wonld typically operate from pitch and roll
synchro signals inputted from a remote vertical gyro or AHRS; no other
sigoals are required. In addition, there are no processing requirements;
hence, the prcjector is the only HUD unit to be provided.

System “B" expands on System “A" through the addition of one
servo and two meter mechanisas for reticle positioning. Thus, this con-
figuration closely approximates the four-servo/two-seter coufiguration
established in earlier tradeoffs as a crossover point between CRT and
reticle drive cost versus complexity. The symbols added in this system
consist of a path marker and altitude scale. The deviation reference
bar and associated slew motor are deleted.

The salient physical and performance characteristics of esch
of these relatively small field projector designs are tabulated in
Tigure 5-3. Tha designs were predicated on a rather tedious and some-
what difficult design tradeoff in which the goometry and constraints
associated vith Ci-33 cockpit ,mulh;tom vers a major factor. The
physical configuration of the two projectors is shown in the CH-53 {o-
stallation layout of Figure 5-4. As shown in Figures 5-3 and S-4, an
adjustable combiner arrangement that ensbles the pilot to manually

-position the combiner in either one of two discrete, detented positions
~in the vertical plane is provided. This has the effect of shifting the

central optical axis and assoclated instantaneous field. When the com-
biner is switched between miuon:. the wmapped field is also reposi-

tioned euetﬂcauy tharedy ptuawin; the proper uuuouup of !lljl e

to veal world viewing angles.

‘ﬂn up-position is m‘; sui-ud for display operation during

high spesd flight and hover wodes. Vor the H-3), orientation of the

optical centesline 2.0 degrees above the vehicle FRL (s feconmended. o
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‘ The lower or down-position would be gelected during descents to enable
A vieving the field of interest. In this case, a 10.5-degree depression
of the optical centerline below the RFL is recommended. The selected
positions reflect a judicious compromise of nany conflicting POV cri-
H _, teriz go as to provide optimum display field coverage among the various ’
’ flight modes of operation.
The major elements of Systems "A" and "B" are described in ’}
IQ the following paragraphs. Multicolor display capability is afforded by |
multiple reticle projectors; however, the selection and allocation of
; color to each of the images cutlined below vas not attempted in this
study.
ﬁ e Optics - Systems “A" and "B" are cv-axis reflective type
'. projactcors, in vhich a 4~inch diamater (effective aparture) spherical
» mirror is used in conjunction vith a sclected 6=34=inch focal length.
A beam 3splitter is located imuediately delow the spherical reflector
] : (often veferred to a5 a Nangin mirror) as shown in Pigure 5-3. Light
i  from the reticles 1s partially reflected off the beam splitter and is
N _ collimated by the sphericel reflector, 7he collinated 1ight then passes
, § » | ~ through the beam splitter and ia partially reflected off the combinsr
. E | ~ to the pilot's eye. A dichroic-coated bean splitter uas selected with
£ , _ equal 4S-petcent reflectance and transmission properties. The combiner |
o 1s coated 0 yleld 20-parcent nfhcunw snd 80-percent transmissiocn.
1 ' " In Syetem “A", optical mixing of the wo-reiicle channals is achieved
" by a conventionsl beam splitter cube. Yo Systen "ﬁ” however, a »um
besn splitter cube vis conceived to ensble the sdxing of light raya of

three fnput chunnels. This concept, fn which two orthogonally oriented, -
eum surfaces are eroéatd vithin the cube, was investigated vith :
‘optical mamifacturers and determined to be both techafcally visble and
practical 1n terms of cost. Mowewver, this beas eplitter cube hus & light
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The focal plane of the Mangin mirror is a spherical sur-
face wvith a radius of 6-3/4 inches. Due to physical limitationa, the
moveable reticles are designed with spherical image planes of 2-1/4-
inch radii. Therefore, a field flattener with the appropriate negative
power is required to optically increase the radius of the spherical
image plane to minimize the optical errors.

e Attitude Scale and Deviation Bar Symbols - A epherical
configuration, similar to that co-monly employed in conventional Attitude

Director Indicator (ADI) instruments, has been selected in the design of
the attitude scale reticle asscably for 5 atems “A" and “B". This con-
figuratfon is actually a thin-walled section of a 4=1/2-inch diameter
sphare vith 2 degrees of frecdom. The surface of this apherical section
is the attitude reticle itsclf. The reticle (i.e., projected symbol)
configuration is shown in Pigure 5-5. Each of the symbol segments is
interconnected as 2 package to one of several ainiature lamps through a
fidbre-optic dbundle. In thia particular design, the use of fibre-optics
is necassitaced to compensate for the lov transmission efficiency of the
optics tou ensure adeguate diaplay brightness. 3ased on the increased
efficienty in light transmission afforded by ﬂbrmpuca » the design

~ syathesized vesults in 45,000 foot-lambarts at the reticle -umce uluu

o uuwn.ly low pouer, low heat dissipating lampy are used.

1n System A", the center of ths spherical section is cut
out a0 that & separate sector containing the deviation bar reticle may
" be indepesdently positicned vertically relstive to the attitude bars.

o Positioning of the deviation bar 1s accomplished by a small de slew

sotor, cum:ud by the pilot via & couveniently located, remote slin
 swicch. The pilot visually nu the position of the dcviation bar
against the projectad attitude A&uﬂli i the display fleld. A simpler,

sachanical shaft arvangeseat with & wenuaily operated knod -ﬁa dial vesad-
out was considered but rejected for two ressoos: The machsnical coafigu-
tation to provide the required differential eovement without interfering
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witﬁ ™ motion freedom of tha sphere in pitch and roll is rather awkward
and complex; display operability would be adversely affected by requiring
the pilot to reach above his head -and direct his vision onto the rear of

the projector.

DC motors are used by the pitch and role positioning servos
to reduce gearing and power requirements. These gservos are shown in
Figure 5-6. The pitch axis, which is on the inside, is driven by a
direct~coupled, dc torque motor. The optical reticle light packagee are
mounted within the spherical section. The feedhack synchro element is 3
mounted opposite the reticle to help balance the assembly. The entire
reticle #nd pitch servo assembly is rotated about the roll axis by the

1Lk w-.-)'...u.—\.'u_jﬂ";é —

B INPYRORD

!

iEe

roll dc servo motor via a single gear pass. This assembly rotates opti-
cally about the aircraft boresight when the combiner is in the up-posi-
tion; hence, the display is properly correlated to the real world.
However, when the combiner is in the down-position, the reticle optical
roll axis is no longer the aircraft boresight; therefore, in this case,
the attitude scale cannot be displayed. Actually, this doesn't pose any
disadvantage in tnat when the display field is depressed to accommodate
viewing of the velocity vector and aim point, attitude camnot be read
out since the boresight is beyond the total mapped display field.

3
ao

¥ o ISR

- The error effects of improper rolling of the deviation bar

is another matter and, therefore, must be compensated. Since this symbol 3
is formatted as a dotted horizontal bar and only vertical deviation ; R
guidance is provided, errors introduced in the lazeral positioning of i |
this symbol are unimportant. However, errors in the ﬁertical axis must
be compensated so that the deviation bar is correctly oriented verti-
cally relative to the real world aim point of interest. The error com-
pensation function required is shown in Figure 5-7, When the combiner

is rotated to the down-position, the optical boresight and all the images
ave displayed downward by some angle (V). (In the figure shown, the
deviétion bar is assumed to overlay the real world aim point.)
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By constructing the line (V') parallel and equal to V, a right triangle is
formed, one leg (C) of which is the required vertical compensation in a
bank angle of ¢. Solving this triangle,

C = -V cos ¢

A simplé, proven imblementation scheme for this compensation function is
shown in Figure 5-8. Lead-lag networks are used for servo stabilization
instead of tachometers, in order to minimize cost, weight, power and heat
dissipation.

e Boresight and Airspeed Numeric Symbols - The boresight and

numerical airspeed images are injected in the second optical input chan~ ?
nel. A field flattener is not reqﬁired since these image-generating 3
devices are small and each may be placed within the image plane independ-
ently. The boresight symbol is displayed in the combiner up~position
only and is extinguished when the combiner is down. The boresight gymbol
is a separate fibre-optic light package.

e Altitude Scale Symbol - The altitude scale image generator, 3

provided in System "B", only, is incorporated in the second optical imput
channel on a side opposite that of the airspeed numeric. The assembly is
comprised of a fibre-optic light package potted in a drum which is
1.25-inch diameter by 0.4-inch wide. The drum is driven by a meter
movement that is of a high torque, closed-loop type in which a separate
coll is provided for feedback to the driving amplifier. The recommended
altitude scale configuration (Figure 5-9), which covers a range of 0 to
1000 feet, has a scale factor break at 100 feet for increased readout
regolution below this altitude.

o Path Marker Symbol - In System "B", a flight path marker
reticle assembly is incorporated for projection through a third optical
input channel. The reticle is configured as a hollow sector of a 4=1/2-
inch diameter sphere. It has 2 degrees of freedom with a total range of
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39 degrees of real-world-related motion in each axis. The reticle, with
its fibre-optic light package, is rotated in elevation by a special high
torque meter mechanism. The reticle assembly and agsociated meter mech-
anism are rotated in azimuth by a dc servo, in which an integrated, com-
pact dc torquer-potentiometer unit is used. A simplified sketch of the
entire flight path marker reticle assembly is provided in Figure 5-10.

A field flattener, identical to that used for the attitude sphere, is
required to minimize optical distortions.

A third electromechanical projector system, noted earlier,
has been conceived, but not investigated for feasibility and cost effec-
tiveness. The design comprises five positioning servos and two meters -
a level of complexity just above the four-servo/two-meter level
hypothesized as equivalent to that of a CRT design. In this concept,
Systen "B" is used essentially as described, and two sarvos are added
vithin the attiiude sphere. The display reticle configuration of the
sphere is also altered to provide a center sector that is independently
driven in the vertical axis similar to that provided in System “A" for
the deviation bar. The display reticle in this center section comprises
an aim circle image connected above and below by a straight line extend-
ing over the entire mapped field and representing a vertical plane per-
pendicular to the earth's local horizontal. Thus, one of two added
servos would rotate this composite aim circle image (and the entire
sphere itself) in szimuth; the other servo would position the aim circle
vertically indspendent of the attitude scale. The objective here is to
position the aim circle in response to appropriately computed lateral aud
elevation commands to satisfy any one or more of the following operational
functions under day/VFR conditions only:

Landing - Two-axis deviation or director to be
selected (If simple deviation is selected, the
aim circle would supplant ths deviation dar in-
corporated in System “A".)
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Gun and Rocket Fire Control - Two-axis
acquisition followed by computed impact
point

Search and Rescue - Two-axis acquisition
followed by two-axis director for terminal

steering and final approach g
Where a deviation mode is used in landing or during the acquisition
phase of fire control and homing search operations, the new vertical ¥
axis servo would revert to a slev wode for manual positioning of the '
aim circle. Operation under good visibility conditions ounly has been %

stipulated for this display because a designated target symbol cannot
be accommodated. The display of a designated ground target or aim
point under limited or zero visibility conditions is deemed essentisl.

b. Cathode Ray Tuba Projectors

Two overhead-mwounted, CRT projectors vare synthesized as
candidates for the R-53 halicopter. On-axis refractive optics with
internal folding mirrors are used in these projectors. The mirrors bend
the central axis so that ths included angle is approximstely 102 degress.
For the H-5) installation, the 4-1/4- and 5-1/2-inch aperture sizes
selected represent practical limits yielding a minimum ascceptable instan- :
tansous FOV on the one hand, and on the other hand, a maximum realisable
instantanecus field that satisfies the requirement for clearance outsids
an 8-inch spherical redius from the normal eye position. The system
designers can select an aperturs size anyvhsrs in between these limits,
using the family drawing data of Appandix C to eatablish the principal
design specifications.

The installation geomstry, projector configuratious, and
sounting design are shown in Figures S-1! and 5-12. 1In both cases, &
soveable combiner arraungessnt has been designed to effectively extend ths
vertical field dy reorvienting the position of the central optical axis in

S=2)-@
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the forward field of view. In the 4-1/4-inch aperture design of Figure
5-11, a mapped field of 25 degrees is provided on & 2.55-inch usabdle
diameter, flat-faced CRT. This mapped field ix compatible with the
average instantanecus fields of 14 degrees mosocular and 2) degrees
binocular provided, in terme of the head motion vequired to view the
extremities of the mapped field. The desizn philosophy established in
both projector designs is to scale the total mapped field to the in-
stantaneous fields so that only reasonable head mntion is required to
view any edge of the mapped field. Certainly, very little would be
gained in providing a 35-degree total mapped field vith the 4-1/4-inch
aparture projector.

In the 4-1/4-inch aperture desism, & continuous rotion com-
biner machanism, which enables the positioning of the optical field
centar anywhere from 12 depraes delow toc 6 degrees adove the FRL of the
#=33, has besn daveloped. Although the design can be adapted for siwple
manual positioning coutrol, sreatest operational benefit would be de-
vived if o servo were usad to automatically position the combiner, typi-
cally as « function of a suitably computed and sanothed angle-of-attack
sipnal defintng the vertical velocity vector of the vehicle. Incressing
value with decreasing aparture size is assumed in the servoed coubiner '
concept. The 4-1/4-inch aperturs projector, in addition to providing a
adnimm acceptadle instantansous field of 2.5 dewress (at the saximun
down-position of the cosbiner), essentially sutisfies the i0-{nch spher-
fcal radius cisavence goal recently astablished wis a»uubla uilicary
stasdards (Figare S-11). |

In the larger S5«1/2-inch aperture design of Figure S-12, &
wnppad field of 3P degresd is provided on & 4.7-1ach ussdle daneter
cutved CRY faceplate. Thie lerger fiedd is fully conpatible vith the
19«degres sverage wonoculer and 2)-degree binvcular instastsnscus Clelds

- of view provided. Uscause of thede larper flelds and huad cleirsnce
considerations, & simple two-discrete positios combiner arrvangeasnt, in
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vhich the optical center is oriented either 10.5 degrees below, or 2.0

degrees above, the vehicle boreaight is recommended. The 5-1/2-inch

aperture degign essentially satisfies the 8-inch spherical radius

clearance goal, which existed prior to the recent change to a 10-fnch

radius. 1
: 3
{ c. Coupatibility of H-53 Projectors for H-3 and H-46 |

Installation

The results of installation studies conducted to test the
compatibility of the candidate H~5) projectors to the H-3 and H-46
series helicopters are presented in the following paragraphs.

e B-46 Series Helicopter - Ganerally, to accommodate any of
the projectora, some of the panels on the overhead console must be re-
locited aft to reduce the lateral span of the console. In addition, the
structural overhead mounting design for any of the projectors is facili-
tated by the proximity of the primary rotor support structure, The
4=1/4=inch aperture CRT projector fits within the cockpit and provides

) ) . e o g o helte L 3t ‘~."‘_f':,:‘.‘,-'i;;\-‘.7.:’,_.,_: )
e A R T e S U R el S B B O B AT e SR K

. 10=inch clearance from uormal eye position. No structural reinforcement
1s required. The 5-1/2-inch aperture CRT projector also fits within the

cockpit and provides 9-inch eye clearance. NHowever, some reinforcamant
of the alrcraft structure is probably required. '

iR ke s R BT o i e kv A e S s

Both of tha ugctﬁuchmiw projectors (A and B) én be
~ sccomsodated without need for structural relnforcemant. Projector-A

A deR e L e i

provides an 8-ioch eye clearance when installed on the piloc's side and
sbout 7-1/2 toches of such clesrance on the copilot's side. Projector-3.
pmtda a 1-3/2-10ch cleasance ob elther side.

S H=3 } Belicopter - The &<1/&<inch apertute CRY projec-
: tor i{s readily aemm 1o the B=) vith uo structural reinforcement

tequited and with a 10-inch eye clearance ylelded. The S-1/i-inch sper-
tute ualt can also be isstalled but with coly an 8=-inch éye clestance.
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Additionally, extensive structural modifications are required, including
the removal of a major lateral frame of the airframe structure. Both
electromechanical projectors can easily be accommodated, providing a 9-

inch eye clearance without need of any structural reinforcement.
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SECTION VI

ELECTRONIC PROCESSOR DESIGN STUDIES

A. DESIGN CONSIDERATIONS

The design of a HUD electronic processor for helicopter applications
is based on much the same specificaticn criteria as those commonly con-
sidered in previous HUD developments for fixed-wing aircraft. The more
important of these criteria are as follows:

¢ Data Imputs (except roll angle)

Number of Inputted Variables
Analog or Digital Format

® Roll Input

Synchro or Digital Format
e Number and Types of Symbols Required
¢ Number of Symbols Rolled
¢ Complexity of Calculations Required
¢ Required Accuracies

The impact of these design considerations on the processor design

approach to be selected for any given application is discussed in the

following subsection.
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B. CANDIDATE PROCESSOR DESIGN APPROACHES

The selection of the two basic classes of HUD processors is directly
related to the type of image generation source incorporatéed in the pro-
jector unit. The first class comprises an analog computer (mot unlike
the relatively simple flight-director, flight-path-angle, etc, computers)
used in conjunction with conventional panel instruments. Such a pro-
cessor would logically be used with projectors of the electromechanically
driven reticle type. The second processor type is essentially of a
digital nature, primarily used for generating symbols on a CRT image
source. The digital processor is also favored, either as an alternate
or auxiliary function to that of symbol generation, to implemen: the pro-
cessing requirements for kinematic targeting associated with the use of
a stabilized aimsight projector. In examining various digital processors,
calligraphic or stroke writing methods of generating symbols was assumed.
Dot generation techniques, in which a television raster scan is used to

construct symbol images, were not considered in this study.

1. Analog Processor

Because of its low cost, an analog computer type of processor is
recommended for operation with HUD projectors of the electromechanically
driven reticle type (e.g., projectors described in Subsection V.C.2.a).
Characteristically, this type of HUD processor would operate on a largely
analog data interface to ~.mpute the necessary reticle positioning sig- .
nais; symbol generation circhita are not required. Although analog inputs
are supplemented by digital format signals in certain of the helicopter
applications examined, any avionic system supplying an extensive digital
interface to the HUD would tend to favor a digital approach to the pro-
cessor design. Because of the limited number of symbols that can be
practically accommcdated by electromechanical reticle projectors, com-
plexity of an analog processor is rather minimal. Based on the applica~
tions studied, relatively simple processing requirements can be expected
to an extent indicated in Figure 3-5. Computation complexity much beyond

6-2
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this level would tend to make the analog processor too costly and im-

practical relative to a digital computer approach.

e
AT
3
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Recent strides in product development of linear ﬁicrocircuits

W, %

Yot
Y

and analog circuit modules for multiply, divide and other arithmetic

§§ functions have enhanced the competitivéness of simple analog computers.
§§ In addition, low voltage power supply requirements are not particularly
%z demanding. There appears to be no need to perform roll angle coordinate
gﬁ transformations of symbol positions in the processor itself. For the

display design developed in this study, this function is mechanized
within the projector by means of a positioning servo operating from

three-wire synchro roll angle data. The principal disadvantage of the
analog processor when compared to a digital processor is a lower accu-

racy in the derived symbol positioning data.

2. Digital Processor

A digpital processor is recommended for HUD systems in which a
CRT is used for image generation. Actually, two classes of such pro-

cessors have been selected as candidates for helicopter applications:

e Logic Controlled
@ Computer Controlled

B e R R e P ST A T ~'«‘;?3-7.»-?"’7.‘?‘?;‘v’f?7:‘?’.’{’?«”,§:imfr? R AL

The logic-controlled processor reflects a straightforward design
approach in which hard-wired logic or Read=Only-Memory (ROM) circuits

are used to control the sequence of all events including symbol stroke

generation. As with a computer, there is little or no time sharing of
hardware. In addition, data processing can be either of a digital or

R LRI

hybrid nature. This type of processor 1s recommended for HUD systems

in which CRT symbol generation functions only are primarily involved.
Computations are typically'limited to either analog additions and/or
multiplications or simple digital addition. The design of a hard~wired
proceasor, which is special to any given application, is largely depend-
ent on the input interface format and display output requirements.

o
. 6=3
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The programmable, time-shared nature of the computer-controlled
digital processor allows data processing and sequence control of all
operations. This design is most cost effective for display systems re-

quiring a relatively extensive symbol format repertoire and/or complex

symbol positioning calculations. In addition, the programmable processor

is most appropriate for executing the complex arithmetic operations asso-

ciated with the various acquisition and kinematic targeting functions

described in this report. As conceived, a HUD system could be extended

e

beyond its normal display function to include these additional arithmetic

£hed

i

functions, where an existing on-board digital computer with adequate time

SR

and memory space capacity is unavailable in the vehicle.

s
g{‘

Seaptd

Significant advantages of the programmable, computer-controlled

processor is its flexibility in system design and change and in growth

R

potential. Changes in input data format, quantity and scaling as well as
changes in display symbology can readily be accomplished with minimal

hardware modifications. This is of particular value to the weapon system

g

SR

i

manager in that it enables display modifications, if necessary, as a re-

g sult of experiences gained in flight test and actual operatioms.

iy

Y

g: The optimum design of a display computer as principally reflected
§' in its structure, instruction repertoire, and memory/logic circuit ele-

ments is based not only on the specific display requirements but also on

R o

&

the status of a rapidly advancing state of the art in microcircuit tech-

SRS

nology. In the preliminary programming analyses conducted on various
kinematic targeting functions (Appendix D), various small scale computer

models reflecting a range of processing speeds were considered.

e Sperry Gyroscope - Earlier Production Core Stack Model

o Sperry Gyroscope - Advanced Developmental Core Stack Model
o Teledyne - ASN-77,78 Computer for SCNS

o Univac - 1819 Computer

e Sperry Gyroscope — Solid-State Memory Display Computer
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This latter computer, which is a special-purpose machine designed by
Sperry specifically for synthetic symbol displays, is described together
with the input/output interface in Subsection VI.C. This computer re-
flects a number of efficient approaches to hardware and time utilization.

Any selection between a hard-wired logic and computer approach
to HUD digital processor design will be mainly based on two factors ‘
affecting cost; nawmely,

e Complexity of Symbol Format
o Complexity of Arithmetic Operations

Extensive arithmetic operations would likely compel a programmable com-
puter solution independent of symbol requirements. In terms of symbol
format, however, cost analyses conducted by Sperry in the past on fixed-
wing HUD's did not yield such an obvious conclusion. Generally speaking,
the results indicated that for displays of relatively simple formats the
straightforward, logic-controlled design is considerably less costly:
whereas, for functionally more complex displays the computer-controlled
design rapidly achieved cost equivalence with the straight logic designm,
and in the case of the A-7D HUD, actually reflected a slightly lower
unit cost. In the latter case, the selection of the computer approach
is favored not so much by any minimal cost advantages, but by the other
inherent advantages of lower development risk, higher accuracy, greater
flexibility for display change and potential for growth.

Another, less important cost factor influencing the basic digital
proceasor design is the input interface. For example, an exclusive ana-
log interface would favor a straightforward logic-controlled approach in
which analog circuits are used in generating symbol positioning signals.
Costly analog-to-digital conversion circuits and variable, read/write
digital memory that would otherwise be required with a computer-controlled
processor are avoided with this approach.

6=5
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Of special interest in all HUD processor designs is the imple-
mentation of the roll angle coordinate conversion functioms. Typically,
these functions include the rolling of both the position and orientation
of real-world-related symbols and usually reflect a substantial part of
the processing specified for a HUD, Although it is conceivable that, on
a cost basis, the various mechanization schemes noted below could influ-
ence the selection of the processor design approach, past analyses have
shown the influence not to be decisive. Rather, the question usually
faced hy the display system designer is how to most efficiently imple~
ment the roll coordinate tranaformation function given a selected pro-
cessor design approach. The answer largely depends on the form of the
input roll data; i.e., three-wire synchro, digital angle, or digital
sine/cosine of the angle. Based on relative cost and weight anzlyses
conducted by Sperry, recommended techniques of implementing roll angle
coordinate conversion for each combination of processor type and roll
data format are presented in Figure 6-1. A total of four mechanization
techniques are recommended:

e Analog servo

e Digital servo

¢ Electronic hardware

e Programmed computer solutions

The characteristic transformation equations for rolling symbol position

coordinates are:

xA = X cos b - YE sin ¢

YA = XE sin ¢ + YE cos ¢

vhere
x!. Yn = angular displacements in earth axes

X,, Y, = angular displacements in aircraft axes

A
¢ = aircraft roll angle

.
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In addition, rotation of symbol line segments with roll angle is re-
quired. Where these lines are normally vertical or horizontal on the
display at zero roll angle, sine/cosine ¢ data is used directly to
stroke the line properly; no arithmetic ope:atiohs are required. How~
ever, where a symbol line segment is normally oblique to the CRT axes at
zero roll angle, much the same set of equations presented above for sym-
bol position rotation must be solved for each symbol line.

Considering the computer-~controlled processor, if adequate time
exists a computer solution is preferred for any roll inmput format. Ex-
perience has shown a reasonable computer time allocation for a HUD sys-
tem to be 40 percent for input/output, 40 percent for processing other .
than roll coordinate conversion, and 20 percent for roll conversion.
Assuming a symbol update rate of 50 Hz, this would limit the allocated
time for roll conversion to 20 percent of 20 milliseconds or 4 wmilli-
geconds. Based on these assumptions, the number of roll conversions
possible is easily derived as shown below for two of the computer models
considered in this study.

Univac Sperry
1819 Computer Special Purpose
Time per Conversion 144 126
(microseconds)
Number of Conversions 28 32

(in 4 milliseconds)

The calculated time per conversion is based on ten add-times and four
muitiply~times required to roll a single point or oblique lime stroke.

If insufficient computer time exists to exscute the required
roll transformations, then additional external hardware must be provided
for this purpose. If the roll input is in three-wire synchro format, an
analog followup servo is recommended in which a driven sine/ccsine po-
tentiomster is used to resolve the roll angle and parform the required

6=7
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multiplication functions. This servo, together with the associated
sine/cosine potentiometer drivers, is estimated to cost about $2000 in
moderate production quantities and weigh about 3.0 pounds. If digital
angle or digital sine/cosine data is inputted to the HUD, then an ex-
clusive electronic design is deemed optimum in which four digital-to-
analog (D/A) converters enable the necessary multiplication functions.
(If digital angle is transmitted, the computer is used to derive the
sine/cosine data for application to the D/A converters.) The tota)
hardware, including the four D/A converters (10 bit), D/A drivers, in-
verting amplifiers, electronic switches, and four D/A registers, is
estimated to cost about $4000 in production and weigh about 0.8 pound.

In the case of the logic-controlled processor, both the analog
servo and electronic hardware coordinate converters described above are
recommended in accordance with Figure 6-1, However, where roll angle is
received in digital format, a digital servo with a shaft encoder feed-
back element and a sine/cosine potentiometer output device, is judged
to be the most efficient mechanization approach.

C. DIGITAL PROCESSOR WITH SPECIAL-PURFOSE COMPUTER

t. Background and Features

The computer-controlled digital processor described in this sub-
section is largely based on design studies conducted by Sperry prior to
this program. The initial model was especially designed for operation
with synthetic-symbol, avionic displays to yield maximum efficiency in
cost and time execution. The processor described below, however, has
baen extended into a somewhat more powerful machine to accommodate the
more complex arithmetic ~perations associated with aimsight stabiliza-
tion and various kinematic targeting techniques. As such, it represents
a promising candidate design for a HUD processor that can be used as a
starting point in the actual development of a HUD system for helicopters.
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The key features of the special purpose computer portion of the
processor are as follows:

o State-of-the-art corponents and design techniques

e Medium-Scale Integrated (MSL) and Large-Scale
Integrated (LSI) elements employed

e Solid-state ROM and read/write memories
¢ Direct memory access input

® Direct parallel memory readout with display program
counter control of readout data

e Design lends itself to high efficieat input/output
data rates

2. Functional Description

The digital processor is comprised of the following major
sectiona:

e Input Interface
o S;aclial-Purpose Computer
® Display Interface

A block diagram of the processor is shown in Figure 6-2. The input
interface sectisn receives all the signal {nputs from the various sensor
and computer sources. This data (analog, digital and discrete) is ap-
propriately formatted, temporarily stored, and inputted to the special-
purpose computer. The computer prccesses the input data and vutputs
symbol data and control signals to the display interface. This output
interface, in turn, genorates the deflection and Zw-unblanking signals
required for the CRT electronice.

a. Input Interfacs

The {nput interface soction receives all the varisble and

discrete inputs to the processor. The interface effectively handles the

dats to provide full compatibility between the asyachronous oparation of

6-9
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the computer and the inputted data. For those helicopter applications
vhere the processor is interfaced with SCNS, it is assumed that Teledyne
veceiver modules will be incorporated to receive the digitsl input data.
The essential functions of the input interface are:

o Recognition, acceptance, and conditioning of
input data

¢ Tenporary storage of data :

o Time interlacing of digital data and discretes
for display coaputer inputting

e Address structuring for direct computer memory
access of all input data

The input interface informs the computer that input data is
available by means of an input-data-available sismal. This signal &s
sent to the computer after new data is inserted io ths input dsta remis-
ter and the appropriacte input dats addrees is pressnted to the computer.
The computer, upon receipt and recognition of a new-data-availabdle sig-
nal, employs the input address to transfer the imput data iato wemory.

, The circuits that would be required for opevating on snalop

dats are ot shovn in the {aput interface. Since wide variations pre-

vail in the analog simnal formats batween various helicopters, specially

designed analop interfaces are required for each spplication. From an

examination of existing halicoptur avionics, the analog interface fn- ;
cludes a vide complenent of de-to-de and ac-to-de conditiontar circuits, '
de-to«digital converaion, and syrchro-to-digital (0, cangent €) conver-- o
sion cireuits along with the associated sample and hold elemsnts.

b. Special-Purpose Computer ' ]

The computer vas especially desimned to Falfill the epecific -
vequirements of high display refresh rates, high indut data rates and

high calculation rates often iwposed on svionic display processors. .

Highly efticieat input/output data rates are afforded by the capadilicies

6-10
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of direct parallel memory access data input and direct para‘lel memory

data display readout under dispiay program control. All computer func-
tions are performed using a parallel informatior transfer format. The

asic characteristics of the ¢ mputer are as follows:

e 16-Bit Instruction Format
e 12-Bit Data UWoxrd

& ROM - Solid State, Random Access, 2.0-microsecond
Cycle Time

o Read/Write Memory - Solid State, Randow Access,
- Y.0-wmicrosecond Cycle Time

¢ d-microsecond add

e 14.5-microsecond multiply

e Two's complement arithmetic

o Tvo priority interrupte -
Input data svailable
Display data reguast

_ In addition to the mewory elements noted above, MSI and LSt
elements are cxtensively used in the logic design.

(1) Data tnput |
The computer has the capsbility of vritiag data divectly

1ato wemory. This is done by esploying the extersal fupot dats sddress
as the resd/urite wemory address, ensdling transfer of the faput imter-
face dats to the macry and the exscution of & welte opetand wessry eycle.
Prior to writing 1o oev {nput data, availability wust be recoxnized by
the computer. Data availability is checked ouce during every computer
short cycle (e.g., add) and sfter the completion of the operand -ty
cycle of & losg computer cycle (e.g., mltiply).

6-11
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(2) Display Data Output

All display data readouts from the computer are con-
trolled by the display program counter. When a display data request is
received from the display interface and recognized by the computer, the
computer disables the calculation program counter and enables the dis-
play program counter to address the program memory (ROM). The computer
remains in the display program control mode until all the quantities
required to paint the next symbol or symbol part have been transmitted

to the display interface. After the display interfsce has generated the '

appropriate deflection aud Z-axis signals to the CRT for the presently
received data, the display interface sends another display data request
to the computer.

The display quantities that are read out of the com-
puter are as follows:

X-position
Y-position

X

Y

Stroke time (length)

Numeric symbol to be generated

Circle (plus size)

The parallel readouts can be either from the output of the program
memoLy (constants) or from the ROM (variables). In general, the only
outputs that are variable quantities are symbol positions and rolled
stroke magnitudes.

Since the display program contains all the symbols re-
quired in all the various display modes, it must be modified in accor-
dance with the selected system mode. During the display program, symbol
or display mcde words are interrogated to determine which display data
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readouts are to be omitted. To inhibit a readout, the display program
counter is set to an advanced starting location given in the output of

the ROM memory.

(3) Arithmetic Operations

The computer is capable of performing arithmetic opera-
tions employing either the output of the program memory (ROM) or the
operand memory. The program memory is used when an arithmetic operation
is performed using a comstant guantity (e.g., add a constant or multiply
by a constant). The read/write operand memory is used for arithmetic
operations involving variables. When a constant quantity is involved in
an arithmetic operation, only a program memory cycle is required. This
technique, which saves the operand memory cycle time, is made possible
by the availability of bits in the 16-bit instruction format that was
chosen to satisfy the requirements of both the display data readout and

computer operation addressing schemes.

(4) Computer Instruction Repertoire

The computer instruction complement and programmeﬂ sub~-
routines are listed below. The programmed subroutines are includéd for
implementing the aimsight stabilization and/or kinematic targeting func-
tions as delineated in this report. :

INSTRUCTION COMPLEMENT

General Readout
Clear + Add Read to X-Position
Add Read to Y-Position
Subtract Read to X-Stroke
Multiply Read to Y-Stroke
Left Shift Read to Stroke Time
Extract ' Read to Numeric Generator
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<« INSTRUCTION COMPLEMENT (cont)

General Readout

Uivas.

Store Accumulator Read to Circle Generator
Store M-Register

Jump (To Return Address) !
Jump (If Zero)
Jump (If One)

PROGRAMMED SUBROUTINES

Grey to Binary

Sin/Cos
-1

Sin"1

Divide
} Cf Square Root

TR L I TN R VR ST IS X TRV P
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Tan

c. Display Interface é

The display interface receives data from the computer in é

-? word-gerial, bit-parallel format. In addition, identity gating signals,
ﬁ which, when received, are used to channel the associated data to the

ki ? appropriate register, are outputted. After all the quantities required

: } to generate a symbol, or portion thereof, have been received, the de-
i‘ § flection and Z-unblanking signals for the CRT display are generated by :
E the display interface. Upon completion of the writing of a symbol and \

symbol part, a display data request is fed to the computer requesting
new data. ‘

AT e,
i N S R e

The display interface would typically comprise the follow-
: ing aymbol generation circuits for most conceived helicopter HUD appli-
:% & cations employing a CRT.
i

e

T
e B et S it T e et

‘Z 3 ¢ X- and Y-position circuits to establish an X-

i and Y-CRT beam position from which the symbol 4
g is referenced and written 3
g
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e Stroke generation circuits to generate straight-
line segments

o Circle generator to generate circles of different
sizes

¢ Numeric generator to generate the stroke patterns
and Z-unblanking required for writing a numeric
symbol as identified by a coded 4-bit word re-
ceived from the computer. Rolled numeric symbols
can also be generated.

In order to generate line strokes, direction and length
parameters are required. The stroke direction 1s established by the
normalized magnitudes of the inputs applied to X- and Y-stroke inte-
grators. These inputs, as received from the computer, are termed X-
rate (i) and Y-rate (Q): they are equivalent to the cosine and sine of
the stroke angle, respectively. For 2 constant-write-speed system, the
vector sum of X and Y must be constant. Stroke length is a function of
the time the stroke imntegrators are enabled, hence, uge of the term
"stroke time". Stroke time data is obtained either from the computer
or is generated within the numeric generator. Start/stop control of the
stroke integrators is achieved by presetting the stroke time word into a
counter and counting down to zero at a fixed rate.

3. Physical Characteristics

The estimated hardware characteristics of the special, computer-
controlled processor are as follows.

¢ Input Interface - 1 Card

e Diaplay (Output) Interface - 6 Cards

o Computer
Logic (5-1/2 Cards)

Mewory Interface (1 Card)
Program Memory (1-1/2 Cards)
Read/Write Memory (2 Cards)

6=15
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- e Total Processor Volume 3
% 890 cu in. “
i 6 in. X 9 in. X 16-1/2 in. ;
n
E e Total Processor Weight - 26.8 1b 3
; iy - g
E'Z:' . ~“
% This estimated data is supplied for planning purposes only and
%; is based on the following factors and assumptions.
?‘i . e For the input interface estimate, it is assumed that pitch
2 and roll are received in a digital format as is the case
- ' in the SCNS (ASQ-104 or ASQ-105). The one-card estimate
s is only for the SCNS-transmitted, digital data anticipated
3 for a relatively extensive HUD format and related kinematic
targeting processing operations. Estimates for analog sig-
nal conditioning and conversion are not included.
& Low voltage power supplies are included. 3
e All cards are 3-inch x 7-inch multilayer boards. i
P
e TTL logic is employed. i
e A memory size of approximately 3000 words of 16 bits each ’ {
and the use of 2048 bit MOS ROM microcircuits is assumed
in the program memory estimates. g t
e A memory size of approximately 200 words of 12 bits each ’
and the use of 128 bit TTL read/write microcircuits is P
assumed in the read/write memory estimate. I
: ! i
e It is assumed in the volume and weight estimate that the
processor chassis includes a cold wall. i
E 4
‘ ¥
[
¢
[
33
;:é:i
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SECTION VII

CANDIDATE HEADUP DISPLAY SYSTEMS

A, SYNTHESIS OF SYSTEM CONFIGURATIONS

Candidate HUD systems for application to current and future Navy
helicopter and STOL aircraft are pregsented in this section. These sys~—
tems were established based on Sperry's best engineerihg Judgment and
congideration of the multitude of factors affecting this formulation.
As such, this effort brings together in sharper focus all the opera-

tional and design tradeoff analyses conducted in this study.

The HUD systems are defined in terms of principal equipment con-
figurations reflecting the individual projector and processor equipment
candidates established in Sections V and VI. The rationale as to what
congtitutes reasonable combinations of such equipment is effectively
treated throughout this report. For example, I1f one or two fixed
electromechanical projectors were to be epecified, a simple analog pro-
cessor would logically be selected as pu.u «i' ti:e gsyatem. As an added
example, if a stabilized aimsight were assumed to be required, a
computer-controlled, dipgital processor would best complement this opti-
cal unit assuming that an existing on-~board computer could not accommo-
date the required aimsight functions. As a final example, it is felt
that systems compriasing dual installations of fixed, CRT projectors can-

not be juatified because of the associated high cost and weight and have,
therefore, been ruled out.

7=1
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Og;.of the literally hundreds of system permutations possible, 12
headnp.display systems have been established as candidates. These sys-
tems aﬁe defined in Figure 7-1. The HUD systems recommended in Section
VIII for each of the vehicles and missions considered in this study have

been selected from these twelve.

The display configurations established represent a first level of
system definition. This study was not intended to prepare detailed sys-
tem and equipment specifications to be recommended. For any actual
application, considerably more in-depth analysis by the system manager

would be required, involving more substantive cost-effectiveness evalu-
ations and the establishment of specific operations and display !
requirements.

B. SELECTION CRITERIA FOR HUD SYSTEMS

The specific HUD system recommendations presented in Section VIII are

baeszd on an overall, composite consideration of many selection criteria !

PPy AP

AT KT R,

for each of the vehicle and mission applications studied. These selec-
tion criteria are as follows:

® Allocation of crew duties

e Display requirements
Operational modes _
Complexity of display formats
2 £ ‘ Complexity of data processing
b Field of view
o Requirement for acquisition aimsight
e Need for dual cockpit instrumentation
. e Cost and weight factors ;

o Cockpit configuration and space constraints

e Existing on board sensors

pe 1=2-a.
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o Additions/modifications to existing sensor complement

e Availability of programmable on-board digital computer
with sufficient spare time and memory capabity

s

Each of these criteria wvas assessed both objectively in terms of
establighed facts and requirements developed in this study, and where
required, subjectively in the form of assumptions and judgments. Ex-
amples of the latter include the weighting applied to cost and weight
factors and the likelihood that desirable additions and/or modifica-
tions to an existing helicopter sensor coaplement would be approved by
the Navy.

Ak s Vs

;e

7=3

3




SECTION VIII

CONCLUSIONS AND RECOMMENDATIONS

The HUD will, to varying degrees, {mprove the effectiveness of all
wilitary helicopter systema. As such, it warrants serious considera-
tion in future avionic system development relating to both new and
existing vehicles. In fact, compelling needs for a HUD have been es-
tablished for a number of eritical applications, which, it {s believed,
will be substantiated by more thorough cost-effectiveness evaluations.
In assessing the volue and role of HUD for the gamut of existing heli-
copters and sssociated missions analyzed in this study, gensralized
conclusions are not viable, and a single, universal design is favalid.
Rather, a complex of diffcunt\ system configurations, reflecting &
vide range of cost and complexity, is involvad in doth the recrufit
decioion and design specification process. In addition, {n retrofit
applications, the HUD can be considered either simply as an individual
elemant, or as part of a somewhat larger integrated avioanic package,
dspeading on the specific use intended for the display and the objec~
tives eatablished for iwproved weapon system performance and capa-
bilities enabled by such a display.

At the present time, the most compelling needs ¢atadlished for UD
relats to the closs support ettack (gun and rocket fics control), medi-
cal evacuation and assault tranaport (remote ares landing), and SAR

8-
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ii; missions. The major problems associated with these missions, which can
be ameliorated by a properly designed HUD are as follows:

e Control difficulties during rapid, steep VFR approaches as
may be necessitated by enemy gunfire, rough and dense ter—
rain, etc.

o Loas of ground target (aftar initial sighting) under adverse
detection conditions due to lack of acquisition and continy-

ous orientation capability

o Approaches under poor visibility conditions

¢ Inadequate gun and rocket fire control perfcrmance

A. RECOMMENDED HUD SYSTEMS

Twelve HUD systam configuraticns are established in Section VII as
candidates for helicopter and STOL applicaticn. These systems rveflect
various cosbinations of cquipmant designs seiected from among five opti-
cal projector and three electronic procossor designs pressnted in
Sections V and VI of thic report. The HUD systems recommended delow for

each sircrafr and mission appifcation studficd were selected from among
the aforementioned 12 candidate” based on criteria outlined ¢n Section
ViI. ‘These recommendatious are basad on the gsonsor and cosputer avi-
onics presently existing on board vach vehicle. Significant additions
or modificstions to an avionic complesent would probably dictate a change
La the HUD recommendations for that vehicle. Nost noteworthy in this
regatd are the AN=1J and OV-10 atrcraft, whith are presently simply
#quipped in avionics. If any of the recommendations presented in Sub-
section VIII.B relating to fapioved visuval fipe control were to be
sdopted, a CRT projector and digital procossor wovld be the preferced
cholce.

8-2




Aircraft/Mission

AR=1)
Close Support Attack

Ul=2C
Utilicy

=46
Utility and Vartical
Raplenichnent

n~-2¢
Afr/Sea Rascue

ER-3A
Alx/Sea Rascue

Submarioe Detection
and Atteck

-3
Moeaweaping

LERN

L NI 7

3 T AT M VI S . . AV ——

sz‘tﬂ‘ Noe
1

10

8-)

Description

Blectromechanical -~ 2 Servos
(1 projactor) .

Elsctromachsnical - S Servos
(1 projector) + Anslog
Prozeasor

Electromachanical - 2 Szrvos
(2 prajectors)

CRT + A=1/4=in. Aperture Pro-
jector + Atmeight + Computer-
Controlled Digital Processor

CRT + A=V/4=1in. Aperture Pro~
jector + Almight + Computer—
Contralled Digital Processor

Rlsctromachanical - 2 Servos
{2 projsctors)

CBY + d=1/4=in. Lperture Pro-
jector ¢+ logic~Coutrolled
Bigital Processor

CRY ¢ &~1/4=10, Apevcurs Peoe
factor ¢ Logic-Controilad
Digital Procaasor

Elsctvomechanical « 2 Serve
{1 projector)

CET ¢ &-1/d=1n, Apartury Fro-
jector ¥+ Mimsight ¢ Computer~
Controlirzd Digital Yioowsady

CRT & betfbsin, Apartura Froe

jettor + Alagight + Cowputer~

Controlled Digital Processer

Klectromechanical - 2 s«rm
{2 projectors) '

CRY + $-1/2-1n. Aperture Pro-
Jector + Almeight ¢+ Cosputey~
Contvulled Dijital Processor
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ﬂ & B. RECOMMENDATIONS FOR IMPROVED VISUAL FIRE CONTROL SYSTEM ?
E 4 ON AH-1J GUNSHIP :
’; % It is urged that serious consideration be given to updating the §
-? § AH-1G, J gunship fire control system for improved performance with a low K
.E : cost avionics package, oriented about a head-up display. The operational, :
ﬁ; £~ display, and target acquisition concepfs developed in this study (Sub- é
_-g. 2 section IV.H) are suggested as a baseline for such studies. There are %
-,ﬁ ? two key functional considerations affecting system design and complexity. ;
% ? The first concerns the basic type of projectile trajectory prediction §
fi' -i method to be employed. The two best known candidates are the impact ;
é ; point and hotline solutions. The second relates to the problem of pro~ g
§ % viding the sensed data necessary for computing the trajectory solution. %
;i ; The two recommended approaches that follow reflect a low cost, low weight é
,5% é philosophy, i.e., a system that qualitatively is one step above the cur- §
’? % rent AH-1 avionics, but considerably below the level of sophistication f
'§ }Ag designed for the Army AH-56 (AAFSS). The lowest cost, and thus pre- é
| g ferred, system retrofit concept is one where the flight leader or obser- 2
, é’ vation aircraft relays target altitude and wind velogity data to the E
5# g gunship squadron (refer to Subsection IV.H.4). This enables the deriva- 4 %
% t tion of range and flight velocity on board each attack helicopter to i
E é satisfy the fire control solution requirements. Other than a HUD symbol é
3 3 generation computer, which is shared for the fire control sclution, very :
hg ; © lictle in the way of additional equipment is required. The most expen- %
Eﬁ é sive sensor retrofit required would be an AHRS, preferably of advanced g
ﬁ. : E high performance design, to replace the existing VG and DG. é
J - :
E :? The second system alternate reflects a self-contained means for kine- i
%- ;;i matic ranging and deriving flight velocity and wind. The added equipment E
E 'g 4 would essentially comprise the following: §
?; : § ¢ .\ relatively low cost Doppler radar specifically designed ;
g ' ? for velocity sensing in the high speed regimes, and with E
f é _ no navigation computer function i
& - 3
® i . 84 B
3 S‘
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e Pregssure altitude sensor

e True airspeed sensor

A P A, g o
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e AMRS (to replace VG/DG)

Chpats sty taonn

e HUD (with digital computer procesébr)

The apparent higher priority assigned to providing nighi combat capabil-
ity to gunships over improving visual weapon delivery performance is
easily appreciated. However, a case can probably be made for the latter
objective as well when the question is cocnsidered in terms of the follow-

AR S N M NS

ing hypothesis. The Cobra presently carries 76 rockets, each weighing 21

AR

pounds. It is reasonable to assume that by eliminating, say ten rockets,
to accommodate additional avioni.: weight, this weight tradeoff wmay result
in improved mission effectiveness. Similarly, it can be reasoned that

the cost . .n='ty incurred with added avionics would be at leas: partially
offset by the fewer armament stores to be expended over the expected life

of each gunship.

€. FUTURE STUDIES RECOMMENDED

It is recommended that additional studies be pursued on several of

the concepts developed during this program. Specifically, accuracy
analysis and flight simulation are required on the various kinematic
targeting techniques advanced in this study to establish feasibility in
terms of performance and operability. The two-angle acquisition during
a straight-in approach, in particular, warrants ground-based simulation
to test both acquisition performance and time adequacy. In addition, a
rigorous sampled data stability analysis of the stabilized aimsight
loop design developed in this study is recommended. This effort should
yield the exact digital computer compensating functions required for
optimum visual tracking performance. No equipment developments are
recommended at this time since most of the equipment designs advanced
in this report are within the state of the art - either proven or of a

b 8~5
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low development risk nature. The curved CRT faceplate concept for
achieving wide fields of view is perhaps the most deserving candidate
for development. However, it is Sperry's opinicn that any equipment
developments and flight test programs should be deferred until the
studies outlined above are conducted qnd the results substantiate the

effectiveness of these techniques.
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APPENDIX A

DERIVATION OF AIMSIGHT STABILIZATION EQUATIONS TO COMPENSATE
FOR THE EFFECTS OF ATTITUDE MOTION

1. STATEMENT OF THE PROBLEM

In the development of a manually rotatable aiming sight for
helicnpte. tracking tasks (i.e., weapons delivery), one of the problems
encountered is reticle jitter due to oscillatioms in pitch, roll and
yaw, Tracking errors are introduced and the tracking task is agéra-
1ated from a human fector's standpoint by oscillations at frequencies
greater thar tne operator's ability to correct. The need exists, there-
fore, to automatically stabilize the aim reticle in the presence of high
frequency, low amplicud. oscillations in pitch, roll and yaw. The de~-
velopment of the equations necessary to implement aim reticle stabiliza-
tion is presented in tbis appendix.

A=-1
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I (' 2, DEFINITIONS AND CONVENTIONS
AIRCRAFT AXES AND POLARITY CONVENTIONS (FIGURE A-1) :
POSITIVE Z
: Roll right is positive
g “ (vaw)
; Pitch up is positive P POSITIVE X
Yaw right is positive *
é (ROLL) :
; E These aircraft axes (not the ‘
%‘ earth's axes) are the frame cae LI
S \ {PITCH) F A
P of reference for this g' {\ - 3
b )
: problem. POSITIVE ¥ i '.
§ 700-17-61
é Figure A=1 .
THE_AIMING RETICLE CAN BE POSITIONED IN YAW AND PITCH L
_: (OR ELEVATION) RELATIVE TO THE AIRCRAFT AXES. ‘
N, S { g
3 3 The reticle is positioned by first rotating the sight through a yaw L
1 y angle (A), and then rotating it through a pitch (or elevation) angle (E). 1 §
3 The position of the sight is thus de- oL A ,
L F scribed by the angles (A and E) as shown . .
b - 1 ;
in Figure A-2. The vector O is the op-
3 tical line of sight. The origin of the
aircraft reference frame is the aircraft L
center of gravity. One simplifying ;
assumption is that the optical axis (0) v !
is pivoting around the cg. The com~ B« CO8 A COS T+ 81N A COB €'+ 81N §F
4 plexity of the mathematics is signifi= 7001782 i
; cantly reduced by this assumption. Figure A-2
{
f E _?;
; § o0
{ Y ;\"2 ‘
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e & Another coordinate system of interest is the optical reference frame.

%% This system is simply tne aircraft system rotated through A and E, Thus

- 0 is the X'-axis, and the Y'/Z'~plane is the two-dimensional field in

é& which the aim reticle is viewed. Therefore, the problem is — How do air- §
% craft oscillations affect the motion of 0 in the Y'/Z'-plane? This seems

@ confusing since 0 is and remains the origin of the Y'/Z'~plane. Think of

g it this way. There are really two 0's. One is the physical axis of the

§. optical sight. This axis is positioned relative to the aircraft axes by

Iy

the gunner, so when the aircraft axes move, the axis moves, too., It fol-

et id

lows every aircraft and gunner-induced movement, high and low frequencies.
A second axis is the axis of the reticle that is displayed on the com—
biner by the optics. This axis is smarter than the other. It knows that

ARG

A

low frequency motions are either caused by the gunner, or can be handled
by the gunner, so it goes along with them. On the other hand, it does
not respond to high frequency oscillations, but remains wvhere the gunner
put it, Since the not-so-smart O numher 1 wants to get back where it be-
longs, where in Y'/Z' number 1 is O number 2? 0 number 2 is the smartest,
s0 we'll let it figure out where ! went; then it can reverse the infor-
mation and give it to {. What wore can be done?
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3. SYMBOL DEFINITIONS
3 ;’
3 E = Gunner-induced pitch rotations of the optical sight j
!
A = Gunner-induced yaw rotations of the optical sight i

: & = Small, high frequency rotations of the aircraft about i
!
E b its Y-axis (nitch) !
N & = Small, high frequency rotations of the aircraft about 3
T its X-axis (roll) |

A) = Small, high frequency rotations of the aircraft about
: ; its Z-axis (yaw)

Small Rotations = Less than 10 degrees

High Prequency *= Greater than 1 Hz
X=Y-Z ®» Coordinate axes of the aircraft
X'=Y'«2' = Coordinate axes of the optical system

a-f=y = Direction angle (in X=-Y-2) of the subscript
(i.e,, Gxn Bx" ?x. are the direction angles of X')

a=b=c = Direction coaines of the subscript

R T T T R e HaRE b Setindo i

0 = Axis of the optical sight in vector form

§ o 2adius of the roll cirecle

€ = Angle between O<X plane and X=Y plane
P = Radius of tha roll cirele
¥ © Angle between O-Y plane and X-Y plane

|
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i 0 i

z¢ = Coordinate of a vector (V¢) describing the roll

motion of 0 (X, Y, Z)

zg = Coordinates of a vector (Vo) describing the pitch

motion of O X, Y, Z)

(- { t ' 13
2y Xy y¢. z¢ in X', Y', Z' coordinates (V¢)

25 = %g» Yg» 2z in X', Y', 2' coordinates (V,)

v© Motion of the reticle due to &
- Motion of the reticle due to &

Wy = Motion of the reticle due to AY

o, - The sign of sine A (roll)

o, = The sign of cosine A (pitch)
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4. COORDINATE TRANSFORMATION

DIRECTION COSINES OF X'-Y'-Z'

The direction cosines of a vector are the cosines of the angles the
vector makes with the X-Y-Z axes.
The direction cosines of V in '

Figure A-3 are:
ay = cos av
bv = coS Bv
cy = cos 7v
— ¥
700-17.63

Figure A-3 !

The direction cosines of X', Y¥', and Z' are of particular inferest.

They are:

e Direction Cosines of X' (Figure A-4)

ax. = cos A cos E i

b, = 8in A cos E

x!
cx. s gin E

NOTE: X' is O, the optical

axis.

- v
700-17.84

Figure A-4
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e Direction Cosines of Y' (Figure A-5) .
ay, = -gin A :
by. = co8 A .
Cyr = 0 % %

700-17-8%

: ;

e e B A D L S R SR 3 Sy
1
x

Figure A-5

"

o Direction Cosines of 2' (Figure A-6) b

ST
"

a,, * -sin E cos A

z'

o

b

] 2t " -gin E sin A

. . cz.-cosE x

|

| - L
n L]
‘l 1
. 3
- v A i ¥ '

700-17.88

Figure A-6




TRANSFORMATION OF COORDINATES FROM X~-Y-Z TO X'-¥'-2'

Given the direction cosines (ayis byrs Cyids (8yrs byrs Cyids (8,05 byyy
cz,) of the X'-axis, Y'-axis and Z'-axis, respectively, of the optical co-
ordinate system with respect to the aircraft coordinate system and given any
vector V = xi + yj + zk in the aircraft system, V can be transformed iato
optical coordinates (V = x'i + y'j + z'k) by the following equations*:

x' - ax'x + bx'y + cx|z
y' = ay,x + by,y + cy.z
z2' = a,1% + bz.y + c 02

This transformation is a basic tool in the development of the equations in
Paragraph 6 of this appendix. The most significant items are y* and z' since
these are the coordinates in the plane of the aight picture of the mew location
of 0 if, in fact, the motion of O is described by V.

®CRC - Standard Mathematical Tables, 16th Edition, The Chemical Rubber
Company, 1967, Page 134.
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5. METHOD OF SOLUTION ?

Consider 3, the vector from the aircraft cg to the aim reticle image on
the combiner, as being of unit length. If the aircraft were fixed in space
(this is valid since we are trying to compensate for high frequency oscilla-
tions, not solve the basic tracking problem) and rotated through 360 degrees
in pitch, roll and yaw, the tip of 0 would describe a sphere about the cg.
An incremental (small amplitude) motion of 0 can be approximated as a motion

along the tengent to the sphere in the direction of mwotion.

N e n o b e e

o Roll

We will develop independent expressions for pitch, roll and yaw
and superimpose the results. Consider the curve described on

the sphere by a 360-degree roll regardleas of the position of

the sight. A circle, the radius of vhich is a function of A and
E, is described by the tip of 0. The direction of motion of the
tip of O ie tangent to the circle and, at any instant, is perpen-
dicular to the plane defined

by 0 and the X-axis. In H _
Figure A-7, the viev iz from Vo ] g
the cg out the X-axis. The o,, "
projection of 0 18 sean on 2-Y; \

but the 9_', is the full size
vestor, vﬁ descridbing the
aotion of O subjected to a
smail roll, 8. The movement ' j
of 0 {a the gunner's field of :
view is descrided dy the proj- 2001989
jection of V. ocato ¥'-2'

(using the transformation Figure A-7

eguation.
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The following calculations must be made:

(1) Determine the radius (6) of the inscrited circle in
terms of A and E (thue the magnitude of V‘).

(2) Determine the argle (¢) the 0-X plane makes with X-Y
plane (thus the direction of %).

(3) Tranaforn % into X'-¥'~2' coordinates.

(64) Convert yé and z‘? into directions for O number 1 by
reversing the sigus.

e Pltch

The case of pitch i3 the same as that descrided for roll.

“sagine that in Pigure A~? the view is ocut the pitch axis

instead of the roll axis. The radiuo of the pitch circle

is p, and the angle che O-Y plioe makes with the X-Y plane
is v,

® Yaw

The case of yav is einilar to that descrided for pitch, dut
siapler. Regardless of A and B, the taogent to tha yav cic-
tle 18 aleo the Y'-axis of the opticsl systes, and the radivas
of the circle {s siaply cosine &.

&
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33 3 6. CALCULATXONS

g MAGNITUDE OF THE MOT(ON OF 0

¢ Pitch {Pigure A-8)

Given

E=0Q

1 A=A

& <10 deg

Dascription of Figure A-8:
2K = guictel -ovition ¢
ot O 3

OB » final position

of D . rone
teR A Figure A-8 :
LBEA = & {mude large for clarity) 3
&.,_5 = gath of 0 {
3
ac = projeciion of AB along the radius of the circle ‘
Th = projection of Ab along the tangent of the circle
Calculation of CB aid AC:
OF = TA = EB - cos LFOA » cos A = p (radlus of AB)

! | CB = (BE) sin LBEA = cos A sin & (special case) = & sin :

4 {getieral case) '

1 . Since & < 10 degrees a reasoaable apptoximation is sin QD =N,

’ Therefore, CB ™ pdb.

H=11
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CB is the magnituc-. ~f motion of a'along the vangent to the

inscribed circle.
AC = EA -~ EC = EA - BB cos &
Since EB = EA, AC = EB (1 - cos {). Using the small angle

approximation of &, cos & = 1. Therefore, AC ® 0. The

conclusion is that for pitch rotations, the motion of O is

-~

T,

L A T Yy A T A T T T

B

g slong the tangent to the inscribed circle and is of magnitude

i

pw, or

B ETa,

e Roll (Figure 4-9)

Given

B i T 2

E=20

g7

A=A

2 g

[ ;:\‘

3 { A& < 10 degrees

The situarion is identical

to pitch, Therefore

B0, A 5 LA T ity

2 Vol = 82 =
A L ¢ 700-17-59
X § and acts in a direction Figure A-9

perpendicular to the 0-X

3 : planc. i

4

B 2
&

.

3 v,

13 @
< 2
33
] :
3 ]
) .
3 § i
5 .
: « o~
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e Yaw {Figure A-10)

Given

A=0

E=E

AY < 10 degrees

This situation is similar x
to pitch and roll; except
that the radius of the v
inscribed circle is always 700-17-60
cos E. Therefore
Figure A-10
l_V- | = (cos E) AY
v
MAGNITUDE OF RADII OF INSCRIBED CIRCLES
e Magnitude of p (Figure A-11)
0C = cos E '
08B = sin A (OC) - sin A cos E
Therefore v
] L-v
p = AB = +&- sinZA coszE
or {
p = cos .?.in“1 [(sin A cos E)]
o v x
700-17-81

Figure A~11
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e Magnitude of & (Figure A-12)

OC = cos E 2

OB = cos A (OC) = cos E cos A

Therefore

5=AB=J1-coszEcoszA

or

8 = cos [s:i.n“1 (cos E cos A)]

7001762

Figure A-12

DIKECTIONS OF THE MOTION OF 0

o Direction of Vb (Figure A-11)

The path of 5, when pitching, is in a plane perpendicular to the
pitch (Y) axis; cherefore, g = 0.

The tangent to the pitch circle makes an angle (¥) with the Y-Z
plane. From Figure A-11:

AC = sin E, OC = cos E, BC = OC cos A = cos E cos A

Therefore

-1 /AC -1 sin bk
v tan (BC) tan (cosEcoaA)

The direction of Vb is
A —
V0 a (~gin Vi + cos ¥k) ¢

2
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Therefore

VB - aszO (-8in ¥1 + cos vk)

where 02 is the sign of cosine A.

o Direction of YQ (Figure A-12)

The path of 0, when rolling, is in a plane perpendicular to the
roll (X) axis; therefore, X = 0.

The tangent to the roll circle makes an angle (€) with the X-Z
plane. From Figure A-12:

AC = gin E, OC = cog E, BC » OC sin A = cos E sin A

Therefore

-1/ AC -1 sin E
€ tan (BC) tan (cosEainA)

The direction of % is

A - -
v¢ w (-sin €3 + cos €k) a,

Therefore

% = 016M ( sin €] ~ cos €k)

where a, is the sign of sine A.
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o Direction of V}D (Figure A-13)
i

The path of 3, when yawing, is ;

in a plane perpendicular to the

T yaw (Z) axis; therefore, z v = (.
The tangent to the yaw circle
makes an angle (A) with the 2-2

2 sioaie
R RN O DD

S
e

W

plane. The direction of Vw is

>

2 e xihg g
S r,a;. £25%, (A

A — -
V!P = ~gin Al + cos Aj

700-17.63

252

Therefore
Figure A-13

V\" = cos E (AY) (-sin AL + cos AJ)

= b TRANSFORMATION OF V TO X'-Y'-2'

, e Transformation of \70

3 % (‘) xo' @ ax.m + bxn)'a + cx'zﬂ j
; j
- [(cos A cos E)Y(-pd) sin v) + (sin A cos E)(0) + |
b + (sia E) @& cos ")]02

[-ﬂm cos A cos E gin v + pd cos v]oz

(2) ye' - uy"ﬂ + by.ya + cy"ﬁ

- [(-a‘m A) (o gin v) + (cos A)(0) + (C)PAD cos V)] o2 !

PP

= 9,08 sin A sin v

L

.« A-16
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3) zo' = az'xe + bz'YO + cz.Zo

- = [(-sin E cos A) (-p& sin v) + (-sin E sin A)(0)

£
A e A R

+ (cos E) pX cos v)]02

= (p& sin E cos A sin v + p& cos E cos ¥) o,

N

e Transformation of VO

i ‘- :-
* (1) x’ ax‘x‘ + bx|9¢ + cx.z’ :

- [(008 A cos E)(0) + (sin A cos E) (68 sin ¢)
+ (sin E) (-089 cos 6)]0_\

= (B2 sin A cos E sin € - 84 sin E cos €) 0,
y‘ - “yoxo + by|Y° + Cy.t‘
= [(-—sin A)(0) + (cos A) (B2 sin€) + (0)(-88¢ coe c)]o‘
- O‘BM cos A sin ¢

(3) 3‘. - ‘2':0 + szV‘ + c!'zé

- [(-sm £ cos AY(0) + (~sin £ sin A) (O uin ¢)
+ (cos E) (-6 cos e)]o|

-[-GM sia B sin A sin € - 88 cos E coa ¢]0‘

AL Skt o a2t
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e Transformation of "

M x\'(' MLV SLNE g LY

= (cos A cos E)(-&) cos E sin A) {

i + (sin A cos E) (&) cos E cos A)

--All'coszliainAcosA-i-McoazEainAcosA

; -0

@ yj = ayix, + by ¥ epry ;

a - (-sin A) [—sin Acos k (M)]
+ (cos A) (&Y cos E cos A) + (0)(0)

-Mcosasinzo\-bwcosi:cosz.\
e A cos £

{3) :‘;’ . ay.xy + b‘.yé + Cyrty

a (=5in B cos A){(~Q cos B ain A)

£ + («sin ¥ sin A) (A cos & ros A) + (cos E)(D)
¥
o 2 siv € cos B sin A cos A - & sin E con E sln A cos A

=0

L

. A-18
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1 PROJECTION OF V' ONTO Y'~Z' PLANE i
f;' The projection of any vector V' = x'{ + y‘? + 2'k onto the Y'-2' ;
plane is simply 'V_;z = y'§y + 2'k. Therefore ,
60' = OZPM [(sin A sin v) ? + (gin E cos A sin ¥ + cos E cos V) 'l-c'] :
yz 3
- - |
V& = 016M [(cos A sin €) J + (gin E 8in A sin € + cos E cos €) k ] i
3 yz . !
° V& = (& cos E) §
e b y=:
CONVERSION TO X-Y RETICLE DISPLACEMENTS
The expressions for V;z describe the motion of the optical axis in
the presence of oscillations. To convert these motions into the con-
ventional X-Y directions for two dimensions, the Y'-axis dbecomes X, and
the Z-axis becomes Y. To convert a motion of the axis to a wotion of the
reticle. wmerely change all signs. The result is:
8‘ - -osz sin A sin ¥
Oy - -ozpm (sin E cos A sin ¥ + coe E cou ¥»)
$, = 0,58 cos A sta ¢
‘y - a‘BM (sin E 8in A 8in € + cos B cos €)
'&, » Ay cos E
visere 3
P = cos [m{“‘ (sin A cos E)] i
8 = cos [.t.n.‘ (cos E cos A)] 3
S I A-19 %

St —— o
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» -1 sin E
‘ g tan cos E cos A
_ -1 sin E__
€ = tan cos E sin A
Reticle displacements, then, are
e =Bt 9, “
v
: =0 +¢ + !
b y y y ;
3
.,!

A\ ¥ J
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APPENDIX B

DERIVATION OF OFFSET, KINEMATIC TARGETING EQUATIONS
(DISCRETE VISUAL ACQUISITION METHOD)

1. DERIVATION OF OFFSET, THREE-AXIS EQUATIONS

a. Statement of the Problem

Due to the errors that accumulate in aircraft navigation systems,
it is desirable to periodically update the position coordinates of the
vehicle. This can be done by passing over a known position and inserting
the known coordinate into the syatem at that instant. However, since it is
not always couvenlent to pass directly over the known point, a need exists
for updating the navigation syotem from a known position, which is viewable
and offset from the ground track. The rotatable aimsight can be used to
perform this memory-point update with a very simple cockpit procedure and

straightforward computer operations.

Since geographical points are located in earth coordinates, it is
necessary to convert all angle and distance information into earth axes,
and then perform the geometrical calculations to determine the aircraft

present position.

As a further extension of this application, it is possible to pin-
point the geographical position uf any sighted object, using the sasme basic
equations developed for own-aircraft position updating and assuming the
own-afrcraft position {s known, by means of au on-board navigation system.
If a self-contained navigation system ig net available, such target ori-
entation can stfll be achieved in terms of range and bearing quantitics

DI T




that are first calculated to yield geographic coordinates. In this latter
case, some suitable flight velocity sensing and coamputation would be re-

quired to continuously update range and bearing to the target.

The functions noted above are termed own-alrcraft orientation and
target orientation, respectively. In both cases, vertical position is also
derived either as aircraft altitude above target or target pressure alti-

tude above standard sea level.

b. Definitions and Conventions

Aircraft and earth axes arec shown in Figure B-1. In this figure,
all rotations shown except the aimsight elevation (E) are positive. The
gymbols and conventions used are:

Symbol ‘ Def injtion Positive Direction

6 Alrcraft pitch (earth Nose up
coordinate)

(] Alrcraft roll (aircraft Right wing down
coordinate)

v Aircraft azimuth {earch Clockwise
coordinite)

A Azimuth of line of zight Clockwise
{aivcraft coordinatu)

E Elovation of line of sight Above aircreaft
(aircraft coovdinate) horizontal

00 Elevation of line of sight Above uwarth
(ecarth coordinate) horizontal

¢ba Relative bearing of line of Clockwise

' sight (earth coordinate)

t'. tz Pofnts in time

l'. l._r Latitude and longitude of Depends on the
tatget heafsphore

12. L, latfitude and longitude of Deponds ot the
afrcraft ot t, hemisphere
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ADIEIIL ST AT ALY AR e

>4 :
;
LOCAL EARTH ;
VERTICAL 3
VAW A - AZIM ANGLE OF LINE OF SIGHT i
:‘;‘é"“' €  ~ELEV. ANGLE OF LINE OF SIGHT k
© > AIRCRAFT BANK ANGLE 3
;
Vg - REL BEARING OF LINE OF SIGHT 3
gantn /0, ELEV ANGLE OF LINE OF SIGNT
AXES 8 < AIRCRAST PITCH ANGLE
U - AIRGRAPT AZIMUTH k
A
i
i
i
¥
1
] . .
] By
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4 ey L
R v AIRCRAEY AL EARTNS CANTW " R b
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PEARING TO) TARGEY : o
9+ 9> Yoa i Ro2res ;
Pigure §-1
Coordinate Transformation Geometry « Alrcraft
to Stable Barth Axes
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Symbol Definition Pogitive Direction
_ !
R Ground distance from (A,, L,) Positive only
2 to O ) 2* 72
by
e & Latitudinal and longitudinal See page B-9
components or R
*08. » Yop Relative bearing of target Clockwise ;
1 2 (earth coordinate) at te by ~
8,. 8, Mreraft drift angle at t,, t,  Nose right of track Co
&‘. "2 Adrcraft azimucth at e tz Clockwvise f
D Distance travelled from t, to Positive only A
t, (aseumed straight 1ige)
v, » "0 Bearing to target at t,, t, Clockvise
1 2
3 Angle at target subtended by D Positive ocaly
(earth coordinate)
S\ T, U, v Designationa of points in

Figure Be}

¢. Coordinate Transformation Equations 3

The equations for coordinate transforsaticn of the szimuth and :
elevation alasight angles from aircraft to stable savth axes are derived
below. These equations are developed as follows:

o Define the line of sight as a unit vectoy described ln
alrcraft coordinates by two angles (A and E)

e Calculate the x-y-3 components (aircraft axes) of the
unit vector

e Calculate the X-Y-& componenta (cacth sxes) of (x, y, 2)

-3




¢ Sum the x-components of (X, y, 2z). Similarly the

y- and Z~-components.

e Calculate the two angles (Wo , 0 0) in earth coordi-
nates that describe the unit vector.

(1) The unit vector described by A and E is shown in Figure B~-2.

.' A and E are positive. 2
(2) The coordinmate - ""1(\" —_m e - -
N

components (aircraft axes) of ~

A S
the uni: vector are: N UNIT vecToR

X ®¢cos Acus kB

y » gin A cos E

2 »gin B

{3) The coordinate

components (earth axes) of ¥
R MRCRART CHOORODINATES

%, ¥ ond 2 are shown in WO.17 48

Figures 6-3, B~4 and 83 the Figure B~2

components are summarized in Table B=-1.

e b i R e S P e A S B R R

pabds

TABLE B-1
PROJECTION OF x, y, 3 OXDG THE XeY-2 AXES

’wjeunon _
. £ 2
. of

il”
Axin \\ (Figure U-3) {Figute B=4) (Flgure B8-9)
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1

4 % cos 0 iy sin @ sin ¢ “2¢o8 © stn d

4 0 y cos 9 2 sl O

2 x sin @ ~y sin ® cos U | z cos ¢ cos &
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components (earth coordinates).

Y-comp = y cos ¢ + y s8in ¢

O R R T R v

or in matrix form:

AR I SRR AT AR

dor:

f : Y-comp |= 0 cos ¢

ARG S S

00 = sin"1 (Z-comp)

e s S

tan-1 Y-comp
Z-comp

Yor =

e
t

DI T

B-5

WEAVSLH MDA G r a2 AMBEr L A v on cpede o

Subatituting the values of x, y, z from (1)

Y-comp = sin A cos E cos ¢ + sin E 8in ¢

X-comp cos 8 sin¢ sinl ~-cos ¢ sin 0

Z-comp sin @ -sin ¢ cos 6 cos ¢ cos 0

(4) Theccfore th: unit vector 1is resolved into the following

X-comp = x cos @ + y sin ¢ gin 0 - z cos ¢ sin 6

Z-comp = x sin 0 ~ y sin ¢ cos 6 + z cos ¢ cos §

X-comp = cos A cos E cos 8 + sin A cos E sin ¢ sin 8 - sin E cos ¢ sin 8

Z-comp = cos A cos E sin 8 - sin A cos E sin ¢ cos 0 + sin E cos ¢ cos 0

cos A cos E

x | 8in A cos E

sin E

(5) wOR and 60 are shown in Figure B-6 (earth coordinate).

EARTH COORDINATL

'Z-COMP

T\ ¥on y
:'L \!_9 7 v-comp

X-COMP

700-17:69

Figure B-6
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& Therefore

00 = s:m"1 (cos A cos E sin @ - sin A cos E sin ¢ cos & + sin E cos ¢ cos 8)

V. = tanq sin A cos E cos ¢ + sin E sin ¢

OR cos Acos Ecos 8 + sin A cos E sin ¢ sin 8 -~ sin E cos ¢ sin 0

(6) If operating procedures are such that & and ¢ are small

. TS

(<10 degrees), the matrix is reduced by the approximations sine a = a,
cosine a ® 1 to:

54

gf X-comp 1 o0 -0 cos A cos E

% Y-comp {=a:{ O 1 ¢ | x|sin A cos E

Z-comp 0 ] 1 sin E

: L. - J -

and

¥ Go“sin (@ cos A cos E -~ ¢ sin A cos E + sin E)

é and

3 -1 sin A cos E+ ¢ sin E

3 ~

wOR tan <cosAcosE+¢0 sin A cos E - 0 sinE>
NOTE: ¢ 0 will probably be <90 degrees. wOR need not be <90 degrees.

If wOR is expected to reach angles such that I\bo

there must be some scheme to define the quadrant

| > 90 degrees,

R
wOR is in. The

informatiorn is available in the numerator (Y-coordinate) and

2

denominator (X-coordinate) of the t:angent_1 expression.

These expressions can be used to transform a sighting taken
with an aimsight (with the aircraft in any attitude) into angles measured
in earth coordinates. This basic information can be applied to various
flight requirements; gome of these applications are discussed in the sub-
sequent paragraphs.
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38; d. Own-Aircraft Orjentation (Includes Position Update)

One of the most obvious applications of a rotatable sight is for

¥
%

G

position updating when in sight of a known checkpoint. The geometry is

PR
K
A
1]

shown in Figure B-7. All information is referenced in earth coordinates,

st Praibat

as transformed by the previously derived equations. The geometry illus-
trated is a plan view of the ground plane as reflected by latitude (),

longitude (L), and relative bearing (WOR) which are all measured in the
X~Y plane.

i Ao Sk Rkl

CALCULATION OF HORIZONTAL RANGE AND BEARING

Appiying the law of sines to triangle STU of Figure B~7

£
&

¥
8
&
&
]

]
Rz D sin (QOR‘ + ﬁ1> |

D
sin 6 sin(dJOR +31> or RZ sin 8
1

i v

Since

e o, 4] [y 0 2)

='("I’on +‘32)‘<'1'0R +31)
) 2 1 :
L Then
| Dsm(%m1+ﬁ1> :
K range R, = s
] sin [<¢OR2 + 32) - (WOR1 + 31)] ;; ?
and _' ’
B
| bearing wOR = wz + WORz % ;
7 .
. (Typically D is obtained by time integrating sensed ground speed at a 5 3
3 2 per second rate.)
T I B=7-0- a0
\g \\ “9’ i
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CALCULATION OF ALTITUDE ABOVE TARGET

Aircraft altitude above the target at the instant of tz is
derived from the simple trigonometric relationship of Figure B-8.

SIDE VIEWAT 1)

FRL
CRAFTAT 1, 0, vamgér
y

T PATH
FROM Y

ny

— §
—nd ’

Y STANOARD SEA LEVEL PARESSUAE 20017 N

Figure B-8

The elevaticn angle &
Therefore,

o and distance 82 have previously been computed.
2

h't2 - nz mﬂoz

CALCULATION OF AIRCRAFT LATITUDE AND LONGITUDE

o Basic hticudo[buume Relationahip

} om lat - ! ain of arc (lat)

Therefore

(l‘\ om) '!—?'%'9{";?3 * & aia of arc latitude

Morth of the equator, latitude increases northward. South of the
equator,’ latitude iocreases southward.

ae b, A ot P ¢ =t ma s ae
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e Basic longitude/Distance Relationghip

1t om long. = (E;—;T) win of arc (loug.)

Therefore ‘

1 nin of arc RL .
(RL m)(cos A nn 10&8-) cos X min of arc lorgitude

East of 0-degree longitude, longitude increases eastward. West of 0-
d. gree longitude, loungitude increases vestwa:d.

e Calculation of Distanues Along Meridian »nd Parallel

o et A os R Sepsa it St e v e 4 wms ot

From triangle TUV in Pigure B-7

+ nerth iat

L = 2R CM* :
AT 2% %, 1 south 1t |

+ ecast long.

- w8t long.

B, 2R, ain @10, {

or

,notu (0 *5)!(00 \W +V

z) g-r asorth A, east long.
! - gouth A\, west long.
|

B lom [(&0._2 I {"oa .i ]

| D sto (0 *h)tuo (ﬂf + ¥V, 2} + north A\, east long.
' {- south A, west long.

A R DR

= 2-9
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e Final Expression of Aircraft Latitude/Longitude

The target latitude is l,r. Applying R, and the latitude
conversion:

] + north
A/C lat lz - X,r - nz «d - '! ’ .1‘1(*‘"‘\ *ﬂ')lcos (Wz * *0“22 \ latitude

SRR 1A=

The target longitude is LT Applying RL and the longitude , *
conversion: g E
et 1y - B o o L R O ) 4

% 2 :;'—: coe l.rlntn [(d".,az +8, )-(00.‘ 8, )]l l- ::::““‘ 3 ’j

; NOTE: These equations are based on the assumption that the horizontal , :
flight path Zrom t, to tz is approximately a straight line along

: ,. a course (¥, - ﬂ‘). If the ground track is not & straight line, ; 3
h but the interconnecting straight iine aziouth (\b.r) and distance : g
(D) from the alrcraft posttion at t, to the aircraft position at :
'« ty can b determined (as is possible with doppler navigators), the ;
solution is not appreciably more difficult, Expressions *

(\’vm + B) are replaced by (¢ - \b.r + &OR) where (¢ - ¥p) 15 an 3
equivalent drifc angle replacing f. There 1is no restriction it~
posed by thie soluttion on the vertical flight path, i.c., altitude
&t ¢, and t, way be different.
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e. Target Orientation

The equations for geographic target location are the same as for
aircraft position updating, except for a simple interchange of the known
and unknown latitude and longitude quantities. i

D sin ('”on + 61)
target lat Ay = A, + By =2, 21 L ¢
sin [(WORz + 52) - (WORt + B‘)] t - south latitude i

<o (¥2* Yor,) {+ noren 1atitude

R, lD sin (%R] + B‘)lsin (WZ + wORz) + cast longitude
target long. =L, + oL, t— ]
e =iy cosT; 27 cos A,lstn [(%Rz + 62) - (wOR‘ + B‘)]} - west longitude

Refer to Figure B-8 for the following discussion. The elevation

S
g angle (00 ) and the distance (Rz) have been computed, Therefore, altitude
. % of target above sea level reference is
? % hTsL - hb2 = hT2
% where
i hTz - R2 tan 002
‘i and hbz is aircraft pressure altitude sampled at instant tz. (Computed
i hTSL is based on existing barometric pressure conditions at time of
9 acquisition.)
i

ST ey,
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f. Summary of Equations

COORDINATE TRANSFORMATION : |

Go = sin"1 (cos A cos E sin @ - sin A cos E 8in ¢ cos 0 + 8in E cos ¢ cos 6)

v

~ t:an"( sin A cos E cos ¢ + sin E gin ¢ )

cos A cos E cos 8 + sin A cos E sin ¢ sin b - gin E cos ¢ sin @

With small angle approximations:

@ “‘s:l.n“1 @ cos A cos E - ¢ sin A cos E + 8in E)

i
0 ;
|
-1 sin A cos E+ ¢ sin E ) g |
’IIORQt“l (cosAcosE+¢0 sin A cos E - 0 sin E |
!
i
POSITION UPDATE (OWN-AIRCRAFT ORIENTATION) ’ ' i
- north lat ‘
Ry 7\ :R cos dl
2 - south lat
RL cos WOZ { + east long.
L, ® Ly - === = L = [ R, ——y— f
2" v~ Cos T Ly 2 cos A, - vest long. :
where
1
v, =y + ¥ 3
and

D sin (WOR‘ + BQ

K [("'oaz + 52) - (won‘ + B,)]

B-12
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i A e

TARGET LCCATION (TARGET ORIENTATION)

+ north lat

A, =X +R =X R, cos VY
T 2% 2 2 02 { - south lat

R RZ cos w0 5 + 2azt long.

L_ . 2
LT L2 + cos A L2 : cos A i

2 » «~ west long.

where Wo and R2 are the game as abova.
2

hT L" kb, - R

9 , tan 00

S 2

8. Relative Aircraft and Target Orientation in Range, Bearing
and Altitude

Situations may exist where relative orientation of an aircraft to
a sighted target is desired, where neither the target nor the aircraft
geographic position is known., An cxample would be a close support attack
mission where a target of opportunity exists and the gunship is equipped
vith a Doppler radar for flight velocity sensing, but not a complete
navigation system including the computer. What is required in this case
is a continuous update of range, bearing and altitude to the target after
the point of sensed acquisition. This data, of course, would be stored
and typically used for such purposcs as display designation, generation
of steering guidance, and calculation of slant range to target for gun/
vocket fire control.

Updated target range and bearing are derived {a Pigure B9, The
aircraft {s not constrained to any flight path after the sensed acquisi-
tion at t, Sensing weans (e.g., Doppler radar and AHRS), by which the
distance traversed along north-south and cast-vest coordinstes, are
assumed.
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Figure B~9
Relative Aircrait and Target Ocienzation Geometry
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e

o, ¢

a = tap”!

From solution of obligue triangle (UVY)

range 8, = qftap? ¢ @07 - 20 B0) con @ ¢ ¥y )

vhere R, aod \90 vere cosputod previously.
2

baung&o » 180 deg ~ ¢ - u

vhete

L
o xz ain (ﬂ + voz)
- € = gin g . -
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Updated altitude above the target is simply obtained from
Figure B~8 as follows:

th - hTz - (nb2 - hbx)

where hTz was previously computed and hb2 and hbz are aircraft pressure
altitude sampled at time t2 and te re«spectively.

Slant rapge, if required, is obtained from:

2., .2
Rs, = 'l @r)%+ ®)

2. DERIVATION OF OFFSET, TWO-AXIS EQUATIONS

The derivation of equations representing a trigeonomeiric solution of
at oblique trizngle lonated in 2 vertical plane perpeadicular to the
earth's loca)l horizontal is presented in the following paragraphs. This
triangle is kiswmatically established in £flight by two sbritrary line-
of-sight acquisinions of a s:atdonary target. The pacthematical solution
and order of cascution desucided beslow is only ore of several possibla
approsches. The optimus solution would depend upon the coRpuler model
selected {i.¢., instrucifon repecrtoive, arithoetic hardvare, etc) where
acwory ded processor hardwiue aiaimisalios is usually of parasount
importance.

The acquisition geometry ¢ shown in Flgute B-10. At the {nstani of

vigual acquisition at potats | and I, the following variables are
saipled and stoved:
® Bitosatric altisude - by by
o Depressica angle - e 'y
NOTE: These argles are obtained by subtractiag alrcraft pizch
angle frot the actually sensed angle gubtending the alr-
craft X-axis and the liane of sight.
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Figure B-10
Tuo-Axis Kinemctic Yargeting Geosetry
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Unless noted otherwise, the operatiocns that follow are executed only
once in the computer upon completion of the second acquisition. No time
problem is anticipated in accommodating these one-shot processing func-
tions within any current, high speed digital computer that may be incor-
porated into the helicopter avionic system. This is because of the

‘relatively long time (typically 1.0 second) that can be :llocated for

. £ this purpose.

2
1) Da = Vg dt-

t.l.

0 et i e b At o T s 2 e BB by e A" e 0t ¢ A oo 9L R 4 M e it S e s

NOTE: This function to be executed as estimated 2 per

S O Ll G

second frequency between acquisitions at points ]
" 1 and 2 where Vg is also sampled at 2 per second '

E rate. '

(2) Ah = hb, - hb, ' ; |
L @ z= Y@+ o)’
- 3 A P
3 ; (4) Tan A = D

0 a

- v (5) A = tan " An
i a :
bt ¢

(6) T=e, -e

PTRIR, I AR

’7) Derive sin ¥ o

o A (8) Derive sin e,, cos e Co
k- 3 [
. g‘; (9) Q = e1 - k ;

3{ % "5

] T

] % (10) Derive sin @ 3

i : 4
3 1 3

- A . 11
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T

ek Bhas
-,;,wﬁ f.u:

Z sin &
- & 510 7

an RSZ sin ¥

(12) hT2 - Rsz sin e,

(13) D2 - R32 cos e,

* P = - -
(14) hlx hTz (hbz hbx)

e g S o pirele ]
JRCIREAE L v s £ v
; T
g = f 4 .
o R R T e el e o RS
G N A T e R R N D S S B N s

7

3
a.

t
X

(15)* Db = Vg dt
t

it e G R SRR e, £ R A H G IS B

L2t

“
L

(16)* DTx = D2 - Db

AT
T

Pt PN

»
T
o

i

(17)* Bs_ = J (mx)2 + (DTx)2

NOTE: In items (14) and (17), th, Rsx are the desired end variables.

In the above equatioms,

Vg = aircraft ground speed

hbl’ hbz, hbx = pressure altitudes

T TR IO R TS

e4s e2 target depression angles from local horizontal

Da’ Db’ DZ’ DTx = horizontal distances

Rsl, Rsz, Rsx = glant ranges to target

hTz, th altitudes above target

*Calculation is to be performed at 5 per second rate after
acquisition at point 2.
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APPENDIX C
OPTICAL PROJECTOR STUDIES FOR HUD SYSTEMS
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1.

HEADS UP DISPLAY SYSTEMS

LS DISCUSSION

Tagk Item I

X ok ah T,

Four optical concepts have been studied in the preliminary
phase of the program. These were:

A) On=-Axis Refractive System

B) On-Axis Reflective Syatem

C) Off-Aperture Reflective System

et 3 b,

D) Helmet Sight

All but the helmet sight concept are being studied in the quantification
and trade-off investigation of Task Item II.

A general discussion of the optical principles involved in
head up displays as well as comparisons and evaluations of the on axis '
refractive and off-aperture reflective approaches is included in the é
Farrand brochure which is attached for convenlence.*

Concepts
A) Oun=Axis Refractive System i

This approach {s bascd on the gunsight collimator but with a
significant extension of the (ield and aperture sizes. It ia the 1
most straight=-forward approach and is very often the easiest to in- §
stall., A very pood compromise of many performance factors cam be ;
effected with this approach, e.g. 25° field, 6" aperture and 15 1lb, ki
weight for the 2 input RP4C unit. Very high optical accuracies are

*Sperty note: This brochure is not included in this appendix.
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2.

obtained with flat faceplate CRT tubes. The £/1.3 optics are a
good reference compromise between geometric speed and good correc-
tion for parallax and mapping accuracies, A fast geometric speed
is advantageous to obtain smaller image formats. For example, if
an £/0.95 optical system could be used instead of £/1.3, a 3.6 inch
dia. image format could be reduced to 2.63 inches. Although higher
line brightnesses could be obtained this way, problems cccur with
optical correction for large fields and loss of field and aperture
due to insufficient space for an internal folding mirror.

To gain a preliminary look at the problem of handling a 35°
total field with the refractive system approach, the RPAC optical

system was reevaluated for this field aize. Whereas at the 12.5° ;

geni field angle 2 mils of parallax occur, at 17,5°, 10 mils are
preseat over about one inch of head motion. Some experience with
sinflar designs at 16° semi field angle indicated that not much im-
provement could be expected. However, the redesign effort consid-
ering a concave CRT faceplate allows excellent performance levels
over the entire 35° field with two less glass elements than the
RP4C unit. This promising development will be used as the basis
for the Task Il refractive system approach and as part of the off-
aperture reflective system approach, The performance will be dis=
cussed in detail in Task Il but can be characterized as at least
as rood as the RF4AC. This approach also offers the highest
cransaissivicy,

B) On-Axis Reflective System

This concept has deen explored in a previous proprietary

C. “'2 -
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3.

? twﬁ program using catadioptric system designus developed by Farrand and
optimizing for a HUD application by altering the configuration,
pupil location, vignetting, correction, etc. Figure 1 shows this
concept in an overhead configuration but it can also be mounted in
an instrument panel similar to the RF4C.

The concept has significant advantages in weight, cost,
simplicity and geometric speed compared to the on-axis refractive :
system although the vertical pupil would be limited to about £/1.0 |
i because of the internal beamsplitter. A convex CRT faceplate is -
required for large field systems but this would present little
difficulty,

One potential major drawback of the approach is the rela- i
tively poor transmission compared to the on-axis refractive approach.
This is due to the iaclusion of the internal beamsplitter which is
used at 50X reflection and 50X transaission to give a total trans-
aiasion of 25X (neglecting the combiner) of the refractive system,

This reduction is amcliorated somcwhat by the fact that

1. No apparent brightness is lost because of color
aberrations (es. 5%).

2, Fewer optical elements are used (est. 5%).

3. A shorter focal length optical system can be used, .
thereby requiring proportionately smaller line %
vidths for the CRT. If we assume the gain to be :
inversely proportional to the focal length and
that the focal leagth is reduced by the ratio of
f nos. (—Tfs-é. the gain can be estimated as 60%.

C. i-a'&
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The effective system brightness will thus be about 442 of
that of the reference refractive system.

One problem uncovered in the preliminary analysis is the
mapping error levels referred to the given Sperry mapping function.»
For fields up to 25°, the errors are reasonable but for 35° systems,
the function would produce errors of 2 miis around 7.5° semi field
angle up to 7 mils at the edge. The quantification and suggested '
corrections for this problem will be given in the Task II
documentation.,

C) Off-Aperture Reflective Systen

This arrangement is relatively complicated compared to the
on axis systems and therefore is less desirable from a weight and
cost standpoint. Some mild aspheric surfaces are also required
which have significant effect on cost and perhaps manufacturing re-
producibility. Although opticsl accuracies are quite good from a
design standpoint, the finislied item wiil probably not wmeet theo-
retical predictions by a factor of 1.5 to 2.0 in terms of parallax,
These errors would result in approximately a 2 mil parallax error
in the central field region over a 5 inch wide pupil. Mapping
accuracies can be brought under excellent control with & 46° total
deflection angle CRT (this will be further documented in Task II)
and i{s less sensitive to manufacturing and assembly errvor than the
parallax situation.

i AN 0t

*Sperry note: This ampping function is supplied as a reference at the
end of this Task I Report by Farrand.
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S.

Physically, the concept can preseat difficulties because of
the folding mirror location.

With the previous commentary on the associated problems, one
may wonder whether the concept has any real advantages and of course
it does. It allows an enormous instantaneous field with reasonable
weight and accuracies for its purpcse. With its pupil designed to
be imaged at the pilot alert eyepoint, the entire field is visible
at one time., And since the combiner "eyepiece” is optically closer
to the eye than with the normal on-axis system which requires a
separate folding beamsplitter, the combiner is smaller than the
aperture of the equivalent instantaneous field on-axis system,

(See the attached technical brochure for further discussion on the
coucept.)*®

Some work has been doune previously on reducing the weight by
reshaping the pupil, thinning elements and using less dense glasses,
It has been estimated that a 35° system with a 3" x 5% pupil would
weigh 30 pounds and this value will be used vhen couparing systens.

Preliminary analyses show the system very amsnable to adapta-
tion from the previous 25° design to 35°. The collimator portion
would utilize the on-axis refractive design with a concave facsplate
for best results.

fSperry note: This brochure is not included in this appendix.
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Summary of Optical System Concepts

6.

On Axis Refractive

On Axis Reflective

Off Aperture
Reflective

AL e A L A PR S e e At e 0 e e by e e O N i s S g R b S e e o

T 5 AT R R R i o T PG o o i ton A
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Major Advantages

Cost, accuracy, configura-
tion for moderate apertures
and eye relief distances.
Cbvious choice for small
sperture systess.

Cost and configuration size
for woderate to large aper-
tures. Weight approx. 2/3
of On axis refractive ays~
tem, CRT size minimized due
to £ 1.0 or faster design.
Color correction optisum.

Very large i{natantaneous
fields with woderaste weight,
Moat suitable for large
fields and long eye relief,
Transmission almost as high
a8 On axis refractive
systenm,

12" to 16" apertutes quite
practical,

Major Disadvantages

Weight goes up dras-
tically for large
apertures.

Transmisgion effec-
tively only 30X to 40X
of On axis refractive
system., Vertical field
not as large as hori=-
wontal for systems ;
£ 1.0 or faster. P

Overall weight higher
than other concepts
(although much lighter
than others with equiva-
lent apertures).

Coat approx. 3X on axis
refractive aysten,
Folding nirror hicders
coafiguration,

In general, all of the systems studied hawve inherentiy rela-
tively high optical accuracies for head up applications.
. based on proven designs and have already deen through the optimum
weight vs. accuracy trade-off go imporianh in the joaitial concept,
Ho significant veight saviags can de applied wvithout a drastic
loss of sctcuracy.
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7.

D) Helmet Mounted Display Units

General Set Up

MINIATURE
DISPLAY Ry
COLLIMATING DISPLAY
LENSES IMAGE

SENSING LINKRAGE

- 1. The dasic advantages of the helwmet mounted display unite are
as follows:

a) Conserves prime instrument panel space.

b) uide inscantanzous and total fielda of view are possible.

¢) Hesd wotion can ba used to aim veapons,

2. The basic Jdissdvantages are:
8) The veight and faertia of head mounted gear is fatiguiag.
d) Adeguate resolutiocn is sore d4fiicult to cdtain,

¢) High voltage ftasulstion at high eititudes wust be msde
safe,

d) The sensing linkage loop to control the dispisy inputs
teguives consideribly mote harduarve.

e) Helmet sust be removed of disconnected belfovre ejectisg,

£) uigh “g's” cause additionsl neck strain unless some fairly
couplex couatetbalancing lickege or worwniag is used.

c."";
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f 8.

4
: 3. Variations of helmet mounted display units.

3

a) 1If the combiner is made opaque in order to obtain more
display brightness, there is difficulty in properly
fusing the images from both eyes in the horizoatal
direction.

b) 1f the fairly complex sensing linkage and loop is elimi-

e b ol ek AN s 5 MR

nated, there will be no visual correlation between the

outer wvorld and the display. The display then becomes i

serely an instrument panel display mounted on the head.

§%

¢) The wmechanical sensing linkage could be converted to an

£kt

optical sensing linkage by means of mirrous, photo diedes,
and laser beams between the helmet and aircraft structure.

ba
*

AT

A

G

4., Conclusions

a) Extensive development work in many areas will be needed
to produce a satisfactory helwset mounted sight unit.

b) Geusrally the purpose and environr-=t of a sight unit will
vaty the gignificance of the advantages and disadvantages
of various approaches. Under some conditions an advantege
of one approach may heavily ocutweigh one or more of its
dizadvantages. There (s in general oo all-purpose sight
unit. The purpose and environmeat should {icer be speci-
fied then a wost satisfactory unit can be tailored to suit
the conditions.
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C. 1"‘9

CRT MAPPING FUNCTION
It 18 supplied as a reference,

by Farrand.
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The basis for a typical CRT mapping function to be incorporated in
the optics design is provided below. The following parameters should be

o
=)

taken Into account as described:

& Images are developed on the interior phosphor surface of

a CRT having a maximum useable circular area of PHAX radius,

A e ves bt Aty sk

e The certer of deflection of the yoke results in the electron

beam having an apparent origin at a distance (K) from the

.
; A
AT T

R phosphor screen,

£,
:E??n")! 20

s 2 e The sine of the electron beam deflection angle (sine ¢) is

Q.

proportional to the current passing through the yoke winding.

i o At the muximum perceived field angle (0 max) the CRT image
should be at the edge of the usable area (PMAX)’

PN SRPEDE P RN

o vesn

; e It 18 required to have the perceived field angle (6),
3 proportional to the current (I) in the yoke.

The parameters involved are shown in the following figure.
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The following equation has been developed relating the various
parameters:

-
+
o}

Substituting values for a typical CRT and field of view results in the
following equation:

Prax ™ 1.8 in, for GMAX = 12,5 deg

K= 5,1515 in.
then

§ « 37,8953 deg

2
5.1515
yoo

NOTE: The values selected for PMAx and K yvield a CRT total deflection

angle (i.e., 2) of approximately 40 degrees.
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l i 1. INTRODUCTION §
The major purpose of Task II is to quantify an assortment of optical
| systems useful for installation in a helicopter. The number of systems f

! being studied permits interpolation of most of the desirable parameters

for a wide range of system goals., Trade-offs between weight, configura-
tion, fields, apertures and CRT size characteristics can readily be made
using the reference drawings and tables, The master matrix Figure No, 6 J
should prove most helpful in this regard. 5
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2.

2. COMPARISON OF OPTICAL SYSTEM TYPES

Each of the 3 classifications of optical systems studies has cer-
tain peculiarities that prevent clear cut comparisons in all categories.
An example would be a comparison of eye relief, The off-aperture system
uses a combiner that can be considered an aperture stop for the system,
while the on-axis refractive system has a tilted combiner ahead of the
aperture stop. In the first case, a folding mirror represents the nearcst
physical obstruction to the pilot while in the second, the tilted combiner
is the nearest element. Each system might thus be more favorable for a
particular installation configuration even with very similar specifica-
tions, For this reason, it is strongly recommended that use by made of
the family drawings in preparing layouts to be used in conjunction with
the pupil-field reference drawings supplied. Using the master matrix for
trade-off analysis along with the layout study should lead to fairly clear
trade-off decisions.
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2.1 Fanily Drawings -

A family drawing was made for each of the subsystem types to
aid in waking layouts for installation studies. Pertinent physical di-
nensiohs. weight and faceplate diameters are included. Optical charac~
teristics are included in the master matrix summary drawing.

¥
i
¥

The general comments about each system type as discussed in
the task I report still apply. In all cases, however, the data generated

for the master matrix summary drawing will supercede or quality prior ;
statements. ' E

% ) Each family drawing contains the following date:
§ 1. Syatem item no. for identification purposes. ?

2. Aperture refers to free (clear) aperture of outer
- : lens element,

3 - 3. Total field is the maximum circular field available
! with head motion if necessary.

st Sl e A L r 2 o

; i 4. Usable CRT faceplate diameter is expressed as a
chordal minimum dimension in inches for each system.

PRVBSEREFIIINE S

Faceplates are flat except where an asterisk denotes
the requirement of a curved faceplate important in

naintaining good parallax correction over the entire
fieldu

et s Baafo el

CHOPEN RPN ORI

- ; S. Alphabetic designations refer to physical dimensions
; including pupil dimensions in the off=-aperture system
case. Dimension "D" {n the on-axis refractive system
and "C" in the on-axis reflective system are given

% only approximately because of the dependence
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3 2 ' 4.

o

i \&} on the variables of cockpit configuration, combiner

- tilt angle, pilot eyepoint and instantaneous field,

E All dimensions are in inches.

4 6. The approximate weights are given in pounds for sys-
tems with all glass optics, aluminum structures and

. : a single CRT input only but do not include the weight

% ; of the CRT and associated electronics.
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5.

2.2 Optical Parameters

2.2.1 Instantaneous Monocular and Binocular Fields

The instantaneous monocular field refers to the field sub~-
tended by one eye placed at a given eye distance along the optical axis
and is normally given by 2 arctan (Eéggﬁsgfszr . When viewing with both
eyes, the horizontal instantaneous field is normally increased because

of the interpupillary distance. This would increase the field to 2

aperture +2,5
arctan { 2 sys dist,

The above equations apply to the on-axis gyastems whose
apertures act like "portholes", i.e. the closer you get, the more instan-
taneous field is available and if you move left you can see more field
toward the right. Tabulations of the instantaneous fields for 18" and
24" eve to lens distances are included in the master matrix summary
drawing,

In the off-aperture system case, the situation is not as
simple. Here, the “porthole" is moved 18" or 24" from the coabiner
(aperture) so as to place it at the pilot eyepoint., The “porthole" size
and shape 1s that of the pupil, 2"x4" or 3"x5". If the pilot moves both
eyes out of this pupil, no field is seen while if both eyes are anywhere
within the pupil, the entire field is visible binocularly. Unless the
field is limited by the combiner width, the total horizontal field is
available instantaneously. The vertical field is normally somevhat re-
stricted by the combiner height and folding mirror vertical dimension.
All of this data is tabulated in the master matrix summary drawing.
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To aid in determining the actual monocular and binocular
fields over a variety of head positions and eye distances for layout
studies, a series of full scale field of view versus pupil drawings
were prepared and are included in this study as separate drawings
(137151, 3 sheets and 137152, 3 sheets). By placing a full size layout
combiner over these reference drawings, actual physical clearances can
be established as well as head motion vs, field trade off data. For
drawing 137151 the off-aperture combiner should be placed either 18" or
24" to the left of tha pupil (the combiner radius can be assumed to also
be 18" or 24"). For drawings 137152, the outside lens aperture should
be placed at the pupil near the left edge of the drawing.
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4 On-Axis Refractive or Reflective

A HUD-Field vs Head Motion for 6-Inch
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4 On~Axis Refractive or Reflective

1 HUD-~Field vs llead Motion for 8-Inch
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7.

2.2.2 Optical Accuracy

Each design form was developed -0 a point where assurance of
a high accuracy system was obtained. Designs were optimized for minimum
parallax over a 6" wide head motion eavelope and for an 18" to 24" eye
relief distance. If a specific head wotion envelope, eye relief .nd to:al
field were to be specified, the optical accuracy could be slightly fm-
proved during the final design stage.

The optical accuracy is best analyzed by considering separately
the two major parameters:
1. Distortion (or system mapping including CRT)

2, Parallax (swimming of image with head motion)

1. Distortion

Each system type was compared for distortion "match” with the CRT
equation supplied by Sperry. The following analysis was made of the rela-
tion between the deflection angle of the CRT and the optical system mapping

function.

Optimizing the mapping match between CRT and optics

It is important to minimize the mapping errore resulting from the
mismatch of CRT mapping functions and optical system mapping functions.

These errors should not be confused with the parallax errors result-
ing from aberrations in the optics which cause images to "ewim" with head
motion,

The uncorrected mapping errors would result in image position errors
only., One method of correction is to include electronic compensation by
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alteration of position signals. A& second method invelves changing the

maximum beam deflection angle in order to alter the mapping function.

While this approsch may add some difficulty in beam focussing and power

requirements in the cuase of larger deflection angles and greater tube
length in the case of smaller deflection angles, the approach is rela-
tively simple aund powerful in obtaining gnod accuracy.

An analysis was made of mapping function errors of the reference
optical systems and how the CRT beam deflection angle affects these
errors. '

A method has been worked out so that the optimum maximum deflec~-
tion can be selected for each optical system,
The results appear in Figure 4.

The symbols K, C, and 0 are given in the following reference
relationships:

P is the cathode ray tube chordal height on the phosphor
¢ is the semi deflection angle of the CRT

0 is the real world semi field angle at the pilot eyepoint

P
tan ¢

C.2=-8
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10.

Each system was first evaluated for the original max-deflection
angle of 19°16°. The off-aperture system was modified from the original
Farrand design to accommodate a larger field and concave CRT face. The
reflecting system design is a scaled version of a previous Farrand de-
sign and requires a convex tube face.

Conclusions
t. Refractive design "6"

Considerable improvement is evident by reducing the deflection
angle to 14°11' where the mapping ervor is lees than .5 mils over
the central 25° and approx 2 mils at the edge of the 35° total
field.

2. Reflective design

This system with the original 19°16' deflection angle has only
moderate mapping accuracy when used as a 35° total field although
when ugsed for 25° systems it is amenable to excellent compensationm.
Reducing the deflection angle to 10° improves the mapping by almost
a factor of 2, but this requires a long tube, The tube size may be
acceptable however, because this system is capable of much greater
horizontal pupil sizes for the same parallax correction and focal
length compared to the refractive system.

3., oOff-Aperture design

This system has quite poer mapping for the original 19°16' de-
flection angle but when 23%°46' is used, a spectacular improvement
is obtained, resulting in less than 0.5 mils error over the ertire
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field. Since the parallax errors are also well contrclled for the
components of this system, it appears that this system can provide
even greater field than heretofore studied,

It appears that altering the max deflection angle of the CRT beam
is a useful tool in obtaining high mapping accuracy from any of the
system approaches being studied with the exception of off-aperture
system #4 which has 6 mils error at the field edge as noted in the
master matrix summary drawing.

2. Parallax

In considering parallax errors, as noted earlier, we should estab~-
lish firm ground rules on how & given system is used, e.g. head motion,
eye relief so that the best design for the purpose can be obtained. We
can however, assume that the highest accuracy is necessary at the field
center and that the field edges of the larger field systems are used
primarily for symbology not requiring as high a positional accuracy. All
of the system types studies meet this criteria and some appear to offer
aluost as high accuracy over the entire field as at the center,

The high correction generally exhibited does not represent a sig=-
nificant “variable" that can easily be traded off for example to obtain
a faster system (swmaller CRT) or more compact physical arrangement. Each
system type has previously gome through an optimizing process for weight
vs. optical performance so that the results of this study can be consid-
ered very realistic and representative of fihal designs.

A tabulated estimate of parallax errcrs is given in the master
matrix summary tasble.
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3.0 SECONDARY RETICLE INPUT

A second input of large field could be incorporated as a simul=-
taneous or independent alternate By using the internal folding mirror in
the On-axis refractive system or Off-aperture reflective system, The
mirror could rotate (as in the RF4C 6" aperture unit) to bring in the
second input, or could be made a beamsplitter for simultaneous viewing ’
(as in the prototype off-aperture system), The optical arrangement of
the on-axis reflective system precludes the use of the internal beam—
splitter in this manner.

In the case of a small 2° second input used independently, a dif-
ferent approach is probably desirable from a weight, configuration and
efficiency standpoint. A fixed reticle package containing the reticle,
fiber optics light pipe and lens assembly could be brought in as shown
in figure 5. The small field lens acts to project the reticle to a
virtual image optically coincident with the CRT phosphor surface, Of
course this assembly must be rotated or slid into position only as an
alternate input, The mechanical structural supports can also provide
the motion corresponding to depression angle inputs. One complication
in this regard should be noted: In order to maintain collimation as the
reticle is depressed, it must be moved in an arc, curving away from the
CRT (concave) for the on-axis refractive and off-aperture reflective
system, and curving toward the CRT (convex) for the on-axigs reflective
systen,

The curved depression motion might be avoided {f the device can be
located between the CRT and the negative field lens. Somc degradation
of CRT system accuracy at the field edges would result from the necessary
increase in the air gap, while the reticle accuracy would be maximized
because the small field lens could probably be eliminated,
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In any case, this general approach to the problem is advantageous

from a weight, configuration and transmission consideration and is appli-
cable to ell of the systems under study,

The additional weight should be approximately 1 pound for any of
the 6 or 8 inch aperture on-scale systems or all of the off-aperture
systenms,
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4.0 PLASTIC OPTICS AND WEIGHT ANALYSIS

ﬁ_ Plastic optical elements offer the potential of significant weight
E savings compared to glass optical elements. In some cases, particularly
,é vhere aspherics are concerned, manufacturing costs can be significantly

o lowered and reproducibility enhanced.

% Serious potential problems exist with reaspect to temperature versus
®

%& lens stability and environmental exposure so that it is felt that inclu~
ot

ﬁ¢ sion of plastic elements should be considered in a weight reducing experi-~
3 nental program after a prototype design is fully proved with glass optics.
4 -

Loaai )
SR

Other problems involving surface uriformity, manufacturing methods,

necessary edge thicknesses, steep curves and coating methods suggeat that
abandonment of the straightforward development »f glass systems is risky.

The moat effective place to use a plastic would be for the com=
biner element in the off-aperture systems. However, since this element
is used in a reflecting mode vhere surface shape is very gensitive and
is also vulnerably located, its use here does not avpear practical.

Plaatic elements can be used to replace both crown and flint ele~
ments in a given optical design but the plastic "flint" imposes more of
% an optical design constraint because of its low index of refraction,

f When an equipment installation envelope is tight, the plastic "crowms"
] also represent physical limitations relative to using high index glass
tlements in a more compact design., Plastic systems must be larger than
glass systems. Iuternal "folding" problems will also be wore difficult.
The approximate weight of the systems gtudied using plastic clements for
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all internal glass refracting elements is as follows:
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On Axis Refractive

Systems Weight (pounds)

Item No., Aperture Total Field Glass Optics Plastic Optics

1 2" 15° 1.7 1.4

2 2" 25° 1.7 1.4

3 2" 35° 1.7 1.4

4 6" 15° 13 10.4

5 6" 25°¢ 14 11,2

6 6" 35° 14.5 11.6

? 8" 25 29 23.2

8 8" 35° 29.5 23.6
On Axis Reflecting

Systems Weight (pounds)

Item No. Aperture Total Field Glass Optic: Plastic Optics

1 " 15° 1.5 1.3

2 2" 25° 1.5 1.3

3 " 35 1.5 1.3

4 6" 15° 1" 10

) 6" 25¢ 1" 10

6" 35° 11 10

? 8" 25* 20 18

8 8" 35* 20 18

Off Aperture Reflective

Systems Weight (pounds)
] Iten No. Combiner Width Total Field Class Optice Plastic Optice
] ! 13 25° 3 26.6
2 16 35° 3 28.6
3 Lk} 25° 24 18.6
: 4 13 25° 13.5 12.3
5 16 25° 38 33
6 20 35* 40 35

1f the outeide lens elemeat of each system were also sade of plastic,
the following addicional savings could be made:

On axis refractive system 6" aperture 1 pound
On axis reflective system 6" aperture +5 pound
Off aperture reflective system #1 »6 pound

All of the above weight studies were based on using sluminue struce
tures and no rvecticle input, CRT or electronics.
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APPENDIX D

COMPUTER PROGRAMMING ANALYSIS

The results of preliminary programming analysis associated with the
computer solution of various kinematic targeting and aimsight reticle
stabilization equations are presented in this appendix. Five real-time,
avionic computers were selected as representative models in this anal-
yais. These machines reflect various memory types (magnetic core,
plated wire, solid state) and encompass a broad spectrum of processing
speeds. For purposes of this analysis, fixed-point arithmetic operation
was assumed; actually, very little advantage, if any, is gsined with a
floating-point, arithmetic unit because the equations are comprised
almost exclusively of trigonometic functions requiring very little
scaling.

The essential output of the analysis consists of estimated time and
menory space requirements, applicably expressed for any real-cime avionic
computer, including the five machines considered herein. This data is
separately presented for each of the principal targeting and aimsight
stabilization functions analyzed. Thus, by appropriately adding time and
memory values for any selected combination of functions, the feasibility
of employing any candidate computer model can be established. This
applies to new, independent computers such as may conceivably be provided
in a HUD system, as well as any existing computer with spare capacity,
such as the AN/APN-77, -78 units provided as part of the CH-46F, CH-53D
SCNS.
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To simplify the analysis, a basic instruction repetoire commonly
incorporated in aircraft digited computers was assumed. The principal
distinction made in the programming analyses among the five representa-
tive computers relates to the divide operation, where divide hardware
is contained in two of the machines, and a programmed, divide subroutine
is required by the other three. The five representative computera con-
gidered in this study are:

Manufacturer Computer

& Sperry Gyroscope Core Stack Model No., 1

® Sperry Gyroscope Core Stack Model No. 2

® Sperry Gyroscope Solid State Mewory Display Computer
e Teledyne AN/APN-77, -78

¢ Univac UNIVAC‘E 1819 Computer

The results of this programming analysis are summarized in Paragraph
D.6 below; in addition, appropriate conclusions concerning the practical
implementation of the functions considered are presented.

1. SUBROUTINE ESTIMATING FACTORS

® Grey=-to-Binary Conversion (10 bits)
40 add times
55 storage locations

o Sine, Cosine Derivations
112 add times
41 storage locations

e Arc Target

265 add times
65 storage locations

D=2
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@ Arc Sine

201 add times

30 storage locations
o Divide

200 add times

62 storage locations
® Square Root

165 add times
90 storage locations

AIMSIGHT STABILIZATION EQUATIONS TO COMPENSATE FOR
ATTITUDE MOTION EFFECTS

NOTE: Refer to Appendix A for equations to be solved., Digited
compensation functions, if required for loop stability,
are not included in this programming analysis.

e End Variables Calculated
ax, Ay
¢ Processing Rate

10 per second

o Total Operations Required per Cycle (Including 1/0)
With divide subroutine

FPixed storage (program/constants) - 495 words
Operand storage = 28 words

with dividclhntdwnte

Fixed storage - 433 words
Operand storage - 28 words

D=3
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3. OFFSET, THREE-AXIS, KINEMATIC TARGETING EQUATIONS . i

(DISCRETE VISUAL ACQUISITION METHOCD)

The information contained in this paragraph is related to the pro-
cessing of the equations derived in Appendix B, Paragraph 1. Since a
more extensive set of processing requirements is presented by target
orientation than by own-aircraft orientation, the equations associated
with this function were selected for analysis.

CALCULATION OF DISTANCE TRAVERSED

o Variable Calculated ¢

D

e Proceasing Rate

2 per second ) i

e Total Operations Required per Cycle

T

22 add times
{1 multiply time

) g

o Memory Required

Fixed storage - 23 words g
Operational storage - 2 words {

CALCULATION OF ABSOLUTE TARGET POSITION

» Bnd Variables Calculated

AT, Lyy hTgy

o s e

o Processing Rate

Once only

D=4 : i
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e Total Operation Required per Cycle (Including 1/0)

With divide subroutine

3752 add times
28 multiply times

With divide hardware

2752 add times
28 multiply times
5 divide times

o Memory Required

Fixed storage - 164 words

Operand storage - 28 words

NOTE: This memory estimate assumes that the equations of Paragraph 2

above are also implemented.

SUBSEQUENT RELATIVE POSITION UPDATE

o End Vgriables Calculated

oy BT
N X X

e Processing Rate

5 per second

o Total Operations Required per Cycle (Including I/0)

With divide subroutine

776 add times
3 multiply times

R A e e i b
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With divide hardware

576 add times
3 multiply times
1 divide time

& Memory Required

Fixed storage -~ 108 words
Operand storage - 18 words

o ot Tt

NOTES: 1. This memory estimate assumes that the equations of

Paragraph 2 above are also implemented.

2. The equations for deriving Rx’ whox, h’l‘x used in this
anaiysis are not those contained in Appendix B, Para-
graph 1,g. Rather a much simpler set of equations were
asesuned reflecting well known conformal mapping geo-

tric velationships between A latitude/longitude and
linear distances.

4. OFFSET, TWO-AXIS, KINEMATIC TARGETING EQUATIONS
(DISCRETE VISUAL ACQUISITION METHOD)
NOTE: Rafer to Appendix B, Paragraph 2 for equations to be
solved.

CALCULATION OF DISTANCE TRAVERSED

o Variable Calculated

2

e Processing Rate

2 per secoud




o Total Operations Required per Cycle (Including I/0)

22 add times
1 multiply time
e Memory Required

Fixed storage - 23 words
Operand storage - 2 words

NOTE: This storage is not required is equation of Paragraph 3
(Calculation of Distance Traversed) is also programmed.

INITIAL CALCULATION OF RELATIVE TARGET POSITION

o End Variables Calculated

Rs hTz ’ I)2

2’
e Proceasing Rate

Once only

e Total Operations Required per Cycle (Including 1/0)
With divide subroutine

1330 add tices
S multiply tiwmes

With divide hardwatre

928 add times
5 sultiply times
2 divide times

-7
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e Memory Required

Fixed storage - 59 words
Operand storage - 15 words

NOTE: This memory estimate aseumes equations of Paragraph 2 are
also implemented.

SUBSEQUENT RELATIVE ORIENTATION UPDATE

e End Variables Calculated
th' Bst. D’I‘x
® Procassing Rate

5 per second

e Total Operation Required per Cycle (Including 1/0)

220 add times
J multiply times

® Newory Required
Fixed storage - 39 vords
Gperand storage - 6 words

NOTE: This memory estimste assumzs cquations of Paragraph 2 ave
als0o implemented.

S. OFFSET, THREE-AXIS, KINEMATIC TARGETING EQUATIONS
{CORTINUOUS TRACKING, ANGULAR BATE SENSING NETHOD)

NOTE: Refer to Pigure 3-10 fox equaticns to be solved.

o End Varisbles Calculated
s, *0!’ ’o

D-8
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o Processing Rate

S per second

e Total Operations Required per Cycle (Including 1/0)
With divide subroutine

2094 add times
17 multiply times

With divide hardware

1494 add timea
17 wultiply tines
3 divide tines

o Memory Required

Fixed storage - 35 words
Operand storage - & words

TE: This uewory estimate sssumes equations of Paragraph 3, and
the equations for ¥,.. L o cosine 0° of Paragraph 3 (Calculation
of Absolute Target Positicn) are also implemented.

6. SUMNARY OF nESULTS

the processiag speeds of five avionic aoqmtéta etconpassing a tread '
range of complexity aad spaed arc preseated in Table D-1. These models
ate represeatative of many such sachines availadle ta industry. Bxcept
for the Sperry Core Stack Model No. 1, wvhich ie an obeolete, eatly pro-
duction unit, all the computers are relatively recent developments and
vere salected, in part, becausc their characteristics wvere readily svall-
able to Sparry. Tha Teledyne ASH-77, -78 computers provided for tha Havy
SCHS were selectsd to ascertain the feasidility of accommodating the func-
tions considered ia this etudy ia these compulers.
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TABLE D-1
PROCESSING SPEEDS OF REPRESENTATIVE COMPUTERS

Speed in Microseconds
Function Sperty Teledyne Sperry Sperry
Gyroscope ASN-77 Gyroscope |Solid~-State { Univac
Core 3tack -78 * | Core Stack Display 1819
Model No. 1 Model No. 2 | Computer
: Add 18.5 12 9 6 4
f (Short Order) :
Multiply 61.7 49.5 24 16.5 26 {
;& i
R Divide - 67 - - 26 ;
3 % -The time requirements developed in Paragraphs 2, 3, 4 and 5 of this E
55. ¥ appendix are summarized in fable D-2. Absolute times are obtained by ;
;@ §~ _ simply multiplying the number of short-order, multiply and divide opera-
3 g, tions indicated by the associated processing times listed in Table D-1 for
? each computer. The total time for each principal function is then trans-
;f' i_ - - lated into a duty cycle based on the selected processing frequency or rate.

‘The times associated with the calculation of distances (Paragraphs 3 and 4 -
‘Calculation of Distance Traversed) are excluded because their execution is

not coincidenc with the other more extensive functions.

;‘. o ,-- . In making use of the data of Table D-2, the targeting functions B, C,
» and D listed in the left-hand column, although they conceivably could all
"be programmed into a computer, would never be executed simultaneously in

any combiration. Hence, the associated duty cycles are to be individually

3 . considered and not summed. Any one of these three functions, however, is
{ é, o prdcesaed simultaneously with the stabilization function (A). Thus, it is ;
- . ¢lear that the <ombination of aimsight stabilization (A) and the offset, {
three-axis targeting usinz the continuous tracking method (D) represents i
b the worst case in computer time demand. The estimated total duty cycle :
é 5 . ~ ranges from 68.4 percent for the Sperry Core Stack Model No. 1 to.12.4

-~ D-10
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percent to the faster, more powerful Univac 1819. However, preliminary
programming analyses of the type conducted in this study all tco often ave
proven to be optimistic where the actual time established after final,
detailed programming exceeds the initial estimates. For the analyses con-
ducted in this study, it is recommended that all estimates be increased by

AT O L SV il G .ﬁﬁ-‘u;.:l"—'z!-%‘i}ﬂm 3 ‘QJ(M 5

NP

50 percent, which is deemed to represent a reasonable safety margin.

Based on this assumption, the following conclusions can be drawn.
First, a slow machine of the Sperry Core Stack Model No. 1 type is margin-
‘;lly limited in time and should be excluded from consideration. Secondly,
extending the SCNS APN-77, ~78 beyond its curreni navigation functions re-
quires (26.0 + 9.5) x 1.5 = 55 perceat in time availability. This can :

el ol okt s Bty o

SRCLFRUNVERY

probably be accommodated since considerable spare time is known to exist:
in the SCNS computer because of trhe deletion of many functions such as
terrain following, stationkeep:i::;, :.cc from the original developmental
Integrated Helicopter Avionics System (IHAS). Finally, the other three
computers considered have more than adequate capacity to accommodate the
targeting functions. However, the additional augmenting functions of HUD
symbol generation, gun/rocket fire control, and steering guidance likely
to be incorporated must be considered in retrofitting a helicopter system
for kinematic targeting. Based on recent Sperry development efforts in
digital-computer~centered, synthetic symbol displays and airborne fire con-~
trol systems, it can be reasonably concluded that a single computer in the

AN el et v a1 s il o e

current state of the art (e.g., short-order cycle time of 3 to 4 micro-
geconds) will accommodate the time requirements of this integrated set of i

functions.

The memory requirements for each function are summarized in Table D-3.
In this case, the storage requirements are virtually the same for all com-
pucers. The slight difference noted reflects the use of programmed sub- :
routines versus hardware for the divide operation. If all four functions '
listed in Table D-3 were to be implemented, about 1000 words of program
memory and 100 words of operand/scratch pad memory would be required,

D-11
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If these estimates are again factored by 50 percent to account for over-
sights likely to be uncovered in the finai programring design, the final :
estimate would be 1500 words of program and 150 words of variable memory. 3
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APPENDIX E

D

OTHER POTENTIAL HELICOPTER OPERATIONS §
FOR HEAD-UP DISPLAY APPLICATION

The potential applications outlined in this appendix are not covered - ;i
in the main body of the report. These applications reflect both unique

nissions and certain operational flight modes common to several missions.
All the applications discussed are conceptual in nature and require
further study to assess their practicality and value.

T S S S I

1. ARTILLERY FIRE SUPPORT

A concept for a new helicopter combat role was disclosed by Sikorsky
to Sperry. This application involves the use of recoilless cannon aboard f R
helicopters for distance fire support of ground forces. As conceived, :
the armed helicopters would provide such artillery support in forward com-
bat areas wore rapidly than that possible with conventional ground-based
or vehicle-carried cannon. Firing would be executed with the helicopter
in a low altitude hover agaiust both visible and hidden targets. Since
the recoilless armaments would be boresighted to the vehicle longitudinal
axis, some form of three-axis attitude orientation guidance is required
to control weapon firing. For visual targets such as on the front side
of a hill, the necessary fire control data can be supplied by a simple,
head-up optical sight. Aim control in two-axes is required; namely,
elevation and azimuth, with vehicle roll angle maintained at sero. This
can be achieved with just three symbols: a boresight image, an aim circle
slewable in two-axes, and a set of roll indexes for wings level alignment.
Prior to firing of the first shell, the aim circle is locked onto the




3
3
3
3
B
b

YT RS

N ity il o
St vita

T

oo

S
3
&
6.

vehicle boresight image. Initially, the pilot mentally coumputes the
ballistic drop from estimated range, aligns the boresight at some point
relative to the sighted target, and fires once for effect. At the in~
stant of firing, pitch and heading angles are sampled. The aim circle
is then manually depressed and also moved laterally, if a cross-wind
exists, to the observed point of impact. The elevation and azimuth
angles at this point of overlay are also sampled. Thus, through appro-
priate subtraction, the trajectory displacement in both elevation and
azimuth are obtained, and the aim circle is automatically repositioned
relative to the boresight to account for attitude changes during the
process of firing and subsequent acquisition. With the display now

set for accurate firing, the pilot adjusts attitude to overlay the aim
circle onto the actual target. The process can be repeated for finer
correction or if wind shifts occur. This process is an essentially
visually controlled delivery system, and a ballistics computer is not
required. Additionally, the simplicity of the display enables the use
of inexpensive illuminated reticles as the image source rather than a
CRT.

Attaéks against targets obstructed from view by terrain (e.g., lob-
bing of shells on the backside of a hill), would likely be assisted
through voice communication by forward ground or airborne oLeervers.
Whether spotter assistance is provided to zero in on the target, or
vhether a fire control solution is computed on board from designated
coordinates, an optical HUD provides a logical means of orienting the
angle of fire. In this attack situation, however, the aim circle pro-
vided for the direct visual attack mode would be earth stabilized for
the effects of attitude motion. The aim circle would be manually or
automatically positioned in elevation and azimuth (and readjusted as re-
quired if forwerd spottera are employed), and the vehicle boreasight
would ba aligned to this circle prior to firing. The aim circle could
be suppler -’ ad or replaced by stabilized elevation and azimuth scales,
if this i/, deened necessary for the geroing-in adjustment process.
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2. SPECIAL STORES DROP

Operations, in which electronic personnel detectors are dropped from A

helicopters moving at high speed, are being conducted in Southeast Asia.
A need to achieve a more precise delivery of these devices than is pres-
ently possible has been éxpreésed. The nature of these devices and the
required accuracy of drop are classified. However, since the delivery is
a visual operation, it is presumed that a head-up optical display would
be a necessary element of any system designed to improve the CEP perfor-
mance of this mission.

3. AIR-TO-GROUND BOMB DELIVERY

Marine Corps personnel at NATC, Patuxent River, Maryland, have indi-
cated that they are studying the possibility of conducting flight test
demonstrations of bomb delivery from attack helicopters. Specifically,
the armaments under congideration include Fuel Air Explosives (FAE),

Mk 115 Mod O Helicopter Trap Weapon (HTW), Mk 77 napalm, Mk 76 and

Mk 106 Practice Multiple Bomb Rack (PMBR), and the Rockeye II anti-
personnel weapons. The indicated objective at this time is to test
feasibility of installation, drop effects, and vehicle stability effects.
The advent of such bomb delivery in close support helicopter operatiuas
would require a HUD, perhaps of a design veflecting a continuous explicit

_ solution system of the type provided in advanced, fixed-wing attack

aircraft.

A capability exists in Navy APW helicopters, such as the $H-3 A, D,
for a depth bomb attaék againast submarines. Although such an attack can
theoretically be made against unseen submarines from information supplied
by other helicopters and fixed-wing aircraft engaged in a tactical APW
operation, the accuracy in position determination limits its effective-
ness. Hoaing torpedoes, therefore, are the primary attack weapon. How-
ever, situations occasionally arige in tactical exercises where enemy
submarines are visually detected (at sufficiently high altitudes) in

E-3
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shallow coral waters or where the submarine is otherwise close to the
water surface. In view of the relatively small lethal radius (15 to 17
feet) of conventional depth boubs, a visual display weans of delivery to
improve kill probability may be warranted if cost can be sufficiently
ainimized (e.g., if an optical display is already provided for other
purposes). In addition to the usual acquisition, ranging and atmospheric
ttajectory solution functions involved in air-to~ground bomb delivery,
two additional elements are involved in submarine bomb attack problem.
The first concerns the bomb hydrodynamics during its descent in water,
which must be accounted for in the total solution. The second is related
to the target tracking function and the need to sense submarine velocity
and estimate target dapth. Well-known methods of seusing absolute target
velocity or relative velocity are available, including the use of angular
LOS rate from an optical aimsight. In addition, since a submarine does
not ordinarily change course frequently and is unlikely to be aware of
the attacking helicopter, its velocity could also be gsensed by a simple
stationkeeping procedure for a short interval of time. A simple devia-
tion cue on the HUD can agsist in this function.

A relatively simple system appears to be possible for a vehicle such
as the SH-3A, D. This vehicle already contains Doppler radar, providing
flight velocity data. In addition, continuous derivation of siant range
via the optical sighting techniques described in Subsection III.R.7 is
enabled by the altimeter radar. The only new equipment required is a
couputar-driven HUD and an AHRS to replace the existing VG/DG.

4. TROOP/CARGO PARADROP

A number of proposals have been made to provide the services wvith a
1ight V/STOL transport (e.g., Air Porce LTT) with troop and cargo para=~
drop capability. Certain helicopters, such as the H-53, have bean con=-
sidered z» possible candidates to mest this requirement if established.
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Doctrine requires that most, if not all, paradrop operations be conducted
under day or night VFR conditions. In advanced high performance paradrop
systems, some form of visual or radar acquisition of the drop zome or

L nearby checkpoint is required to derive offset or update present position. %
Accordingly, a fixed or moveable optical projector may be specified in a
paradrop system to gither point a ranger or assist in kinematically

orienting the drop zone.

5. AIRBORNE INTRUDER INTERCEPT

g-ﬁ Preliminary conceptual studies are known to have been conducted by at

least one helicopter manufacturer for a high speed, heavily armed heli-
copter designed to detect and attack low flying helicopter intruders. Im
this concept, such a helicopter loitering on an assigned orbit or hover

station and employing an advanced 360-degree MTI gearch radar for detec-
tion is envisioned. Several weapons, including missiles, are contemplated,

involving various air-to-air combat tactics. A HUD is a candidate system
element being considered, to be used primarily for visual fire comtrol
and during low altitude £light under night VFR/IFR conditions.

6. FULL NIGHT, AIDED-VISUAL OPERATIONS

All three services are currently engaged in extensive planning and
developments to incorporate LLLIV and IR forward-looking sensors in attack
gunship and SAR helicopters for night combat operations. These sensors
are primarily intended to aid in the detection of enemy targets, downed
airmen, and remote landing areas, and, in certain caces, to provide an
aided-visual view of the forward field for landing approach flight control
purposes. Additionally, various proposals have been made and studies con-
ducted on the use of wide-field IR systems during eanroute formation {iight
at aight. As far as can be determined, this latter applicstion has not
been accepted by any service for helicopter use.
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With regard to night detection operaticmns, it is recommended that
serious consideration be given to presented collimated IR or LLLIV
pictorial scan data on & moveable, hand-gripped aimsight of the type
described in Section V of this report. In such an arrangement, the
two-gervo-driven aim reticle incorporated for day/VFR opetafions would
be replaced by a miniature CRT of about 1 to.2 inches in diameter.
This size tube, when used in conjunction with low cost, low transmission
efficiency-reflective optics, provides the high brightness necessary to
view a projected aim circle during high ambient day conditions. The
11-degree mapped field recommended for the servoed aimsight, however,
may have to be increased to accommodate the video scan field to be dis-
played at night.

This echeme offers & number of important advantages. First, with
respect to the copilot/gunner's statiom, it provides a low-cost alterna-
tive to providing a CRT display on an already crowded instrumemt panel. '
This of course presupposes the provision of an aimsight for day opera-
tions. Second, it eases the task in the slewing. Third, it provides
the operator with a more rapid, effective means of remotely positioning
the electro-optical sensor to the desired point angle, in that his direc-
tion of view is coincident with that of the sensor onto the real world.
Provision of a panel-mounted CRT display climinates the need for ths
operator to occasionally scan through his windshield for possible cues.
This can be quite significant, especially in operations whare some limitad
visibility exists, resulting in dietinguishable terrain contours aud other
features, or vhare light signals are anticipated from friendly forces.
Finslly, with a highly accurate poaitioning system, tha operator may,
under certain conditions, be able to correlate real world objects with
the sensed imags, which could aid ths identification task. ‘

To effect acquisition, s simple aim circle pointed during raster scan i
doadltne is provided. This symbol would be fixed at the center of the
video field since this sansor would presumably be attituds stadilized in




earth coordinates. Target orientation can, if desired, be implemented

by the kinematic targeting technique described in Subsection III.H.4.
Upon completion of the acquisitiom, it is conceived that the target, in
addition to being designated on the pilot's primary display (e.g., HUD
or VSD), would also be displayed on the copilot's aimsight as a synthetic
symbol (e.g., square) to assist in any subsequent re-acquisition update
that may be necesgitated by error accumulation in the avionics during

maneuver or intentional change in the target position. The display of
a designated target symbol is not possible without considerable added
complexity in the servoed aimsight design discussed in Section V.

The display of LLLTV or IR pictorial video on the controlling pilot's
fixed HUD projector is a projection that has been widely considered and
studied. There are many ramifications and uncertainties concerning ths
effectiveness of this display approach to flight control; hence, no firm
recommendations are presented in this report. However, the general io-
clination throughout the services and industry appears to ba negative
primarily because of objections to the resulting total occlusion of the
forvard field of view.

A number of other nisaions and operations were investigated for which
the applications of a HUD could not be ressonably substantiated in terms
of ite effectiveness valus, Thase include:

o Reconnaissance (visual/photographic)

@ Reconnaissance (personnel deployment)

¢ Nine detection

o Nine laying

e Light Airdorne Nulti-Purpose System (LANPS)
» Yormation flight (stationkesping)
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¢ Letdown to gmall, moving ships F

3

e Moving ship-to-air refuel or hoist (stationkeeping)

e Target acquisition by hunter, observation aircraft (except
for aimsight to point laser (ranger)
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1. Farrand Optical Company, Bronx, N.Y,
Mr. A. Nagler
2, Sikorsky Aircraft, Stratford, Comn.

Messrs. T. Krok, J. Dupnik, P. Guinn, M. Nabor, R. Wragg,
C. Brown, J. Parker

3. Vertol Division, Boeing Company, Philadelphia, Pa.

H-46 Project Personnel
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s i 4. U.S. Marine Corps Development Center, Quantico, Va.
- Lieutenant Colonel Parish

4 Major's Crome and Machado

Mr. George Brigham
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S. NASA, Langley Field, Va.
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g Messrs. J. Reeder, R. Sommer, R. Tapscott, J. Garrenm,
v E. Dunhan
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{; i 6. Kaman Aircraft, Bloomfield, Conn.
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Messrs. Silverio, W. Batesole (Telcon)

7. North American Rockwell, Columbus, Ohio
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Mr. E. W. Smith (OV-10 Project Engineer) (Telcon)
8. Naval Air Systems Command, Washington, D.C.
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Sperry Systems Management Divigion, Great Neck, N.Y.
Mr. R. Strazulla (Manager, Avionics)

NATC, Patuxent River, Md.
Messrg. S. Cameron, D. French, R. Buffum
Lieutenant Commander B. Fleming
Major‘'s B. Krages, W. J. Scheuren
Lieutenant Nelson

Quonset Point Naval Air Station, Quonset, R.I.
Lie:zenant Commanders Saurey and Kuhmman .

Teledyne Systems Company, Hawthorne, California
Dr. L. Unger

U.S. Army Aviation School, Fort Bucker, Alabama

Major J. Morel
Chief Warrant Officer N. Lukshin

(These officers were interviewed at Sperry.)
Naval Air Test Center, Patuxent River, Md.

Major M. Ripley (USMC)

(This officer was interviewed at Sperry.)
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